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THE  DATA  OF  GEOCHEMISTRY.' 


By  F,  W.  Olarkk. 
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INTRODUCTION. 

In  the  crust  of  the  earth,  with  its  liquid  and  gaseous  envelopes^  the 
ocean  and  the  atmosphere,  about  eighty  chemical  elements  are  now 
recognized.  These  elements,  the  primary  units  of  chemical  analysis, 
are  widely  different  as  regards  frequency ;  some  are  extremely  rare, 
others  are  exceedingly  abundant.  A  few  occur  in  nature  imcombined ; 
but  most  of  them  are  found  only  in  combination.  The  compounds 
thus  generated,  the  secondary  units  of  geochemistry,  are  known 
as  mineral  species;  and  of  these,  excluding  substances  of  organic 
origin,  only  about  a  thousand  have  yet  been  identified.  By  artificial 
means  innumerable  compounds  can  be  formed;  but  in  the  chemistry 
of  the  earth's  crust  the  range  of  possibility  seems  to  be  extremely 
limited.  From  time  to  time  new  elements  and  new  mineral  species 
are  discovered;  but  it  is  highly  probable  that  all  of  them  which  have 
any  large  unportance  in  the  economy  of  nature  are  already  known. 
The  rarest  substances,  however,  whether  elementary  or  rompoimd, 
supply  data  for  the  solution  of  chemical  ])roblems:  they  can  not, 
therefore,  be  ignored  or  set  to  one  side  as  having  no  significance.  In 
scientific  investigation  all  evidence  is  of  value. 

By  the  aggregation  of  mineral  species  into  large  masses  rocks  are 
produced;  and  these  are  the  fundamental  units  of  geology.  Some 
rocks,  such  as  quartzite  or  limestone,  consist  of  one  mineral  only,  more 
or  less  impure;  but  most  rocks  are  mixtures  of  species,  in  which, 
eitlier  by  the  microscope  or  by  the  naked  eye,  the  individual  compo- 
nents can  be  clearly  distinguished.  Being  mixtures,  rocks  are  widely 
variable  in  conq)osition;  and  yet  certain  types  are  of  couunon  occur- 
rence, while  others  are  small  in  quantity  and  rare.  The  commonest 
rock-forming  minerals  are  naturally  the  more  stable  compounds  of 
the  most  abundant  elements;  and  the  rocks  themselves  represent  the 
outcome  of  relatively  simple  rather  than  of  complex  reactions.  Sim- 
plicity of  constitution  seems  to  be  the  prevailing  rule.  An  eruptive 
rock,  for  example,  may  be  composed  mainly  of  eight  chemical  ele- 

*  The  first  editioo  of  this  rofanne  was  pabttshed  in  1906  as  Bulletin  390  of  the  United  States  Oeologleal 
Skirvtj.  A  aeeoad  edition  appeared  In  IMl  as  Bulletin  491,  and  a  third  in  1916,  as  Bulletin  616.  The  work 
itt5  bf«n  reri<4ed  and  enlarged  tor  the  present  edition. 
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ments,  namely,  oxygen,  silicon,  fllimiinum,  iron,  calcium,  magnesium, 
sodium,  and  potassium.  /I3i€^  elements  are  capable  of  combining  so 
as  to  form  some  huncjreds  oJF mineral  species;  and  yet  only  a  few  of  the 
latter  appear  in,  the tock  mass.  The  less  stable  species  rarely  occur; 
the  more  stable  always  predominate.  The  reactions  which  took  place 
during. the  foridation  of  the  rock  were  strivings  toward  chemical 
eqiHlibrivfm,  and  a  maximum  of  stability  imder  the  existing  condi- 
..  (ions  was  the  necessary  result.  .The  rarer  rocks,  like  many  of  the 
'.'rarer  minerals,  are  the  products  of  exceptional  conditions;  but  the 
tendency  toward  stable  equilibrium  is  always  the  same.  Each  rock 
may  be  regarded,  for  present  purposes,  as  a  chemical  system,  in 
which,  by  various  agencies,  chemical  changes  can  be  brou|^t  about. 
Every  such  change  implies  a  disturbance  of  equilibrium,  with  the 
ultimate  formation  of  a  new  system,  which,  under  the  new  conditions, 
is  itself  stable  in  turn.  The  study  of  these  changes  is  the  province 
of  geochemistry.  To  determine  what  changes  are  possible,  how  and 
when  they  occur,  to  observe  the  phenomena  which  attend  them,  and 
to  note  their  final  results  are  the  functions  of  the  geochemist.  Analy- 
sis and  synthesis  are  his  two  chief  instruments  of  research,  but  they 
become  effective  only  when  guided  by  a  broad  knowledge  of  chemical 
principles,  which  correlate  the  data  obtained  and  extract  from  the 
evidence  its  full  meaning.  From  a  geological  point  of  view  the  solid 
crust  of  the  earth  is  the  main  object  of  study ;  and  the  reactions  which 
take  place  in  it  may  be  conveniently  classified  imder  three  heads — 
first,  reactions  between  the  essential  constituents  of  the  crust  itself; 
second,  reactions  due  to  its  aqueous  envelope;  and  third,  reactions 
produced  by  the  agency  of  the  atmosphere.  That  the  three  classes 
of  reactions  shade  into  one  another,  that  they  are  not  sharply  defined, 
must  be  admitted;  but  the  distinction  between  them  is  valid  enough 
to  serve  a  good  purpose  in  the  arrangement  and  discussion  of  the 
data.  Under  the  first  heading  the  reactions  which  occur  in  volcanic 
magmas  and  during  their  contact  with  rock  masses  are  studied; 
under  the  second  we  find  the  changes  due  to  percolating  waters  and 
the  chemistry  of  natural  waters  in  general;  the  essentially  surficial 
action  of  the  atmosphere  forms  the  subject  matter  of  the  third. 

Furthermore,  for  convenience  of  study,  the  solid  crust  of  the  earth 
may  be  r^arded  as  made  up  of  three  shells  or  layers,  which  inter- 
penetrate one  another  to  some  extent,  but  which  are,  nevertheless 
definite  enough  to  consider  separately.    First  and  innermost  ther 
is  a  shell  of  crystalline  or  plutonic  rocks,  of  unknown  thickness 
which  forms  the  nearest  approach  to  the  original  material  of  whicl 
the  crust  was  composed.    Next,  overlying  this  layer,  is  a  shell  o: 
sedimentary  and  fragments]  rocks;  and  above  this  is  the  third  layr 
of  soils,  clays,  gravels,  and  the  like  unconsolidated  material.    T 
second  and  third  shells  are  relatively  thin  and  consist  of  matei 
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derived  chiefly  from  the  first,  in  great  part  through  the  tranaforming 
agency  of  vs'aters  and  of  the  atmosphere,  although  organic  life  has 
kd  some  share  m  bringing  about  certain  of  the  changes.     In  addi- 
tioa  to  the  substances  which  the  two  derived  layers  have  received 
from  the  origmal  plutonic  mad^  they  contain  carbon  and  oxygen  taken 
up  from  the  atmosphere,  and  also  a  considerable  proportion  of  water 
which  has  become  fixed  in  the  clays  and  shales.     Along  with  tliis  gain 
of  material  there  has  been  a  loss  of  salts  leached  out  into  the,  ocean, 
but  tKe'  factor  of  increase  is  the  larger.     When  igneous  rocks  are 
transformed  into  sedimentary  rocks,  there  is  an  average  net  gain  of 
weight  of  8  or  9  per  cent,  as  roughly  estimated  from  the  composition 
of  the  various  kinds  of  rock  under  consideration.     To  some  extent, 
then,  the  ocean  and  the  atmosphere  are  being  slowly  absorbed  by  and 
fixed  in  the  solid  crust  of  the  earth;  although  under  certain  condi- 
tions this  tendency  is  reversed,  with  liberation  of  water  and  of  gases. 
A  perfect  balance  of  this  sort,  however,  can  not  be  assumed ;  an*d  how 
far  the  main  absorptive  process  may  go  it  is  hardly  worth  while  to 
conjecture.     The  data  available  for  the  solution  of  the  problem  are 
too  uncertain. 

Upon  the  subject  of  geochemistry  a  vast  literature  exists,  but  it  is 
widely  scattered  and  portions  of  it  are  diflGicult  of  access.  The 
general  treatises,  like  the  classical  works  of  Bischof  and  of  Roth, 
are  not  recent,  and  great  masses  of  modem  data  are  as  yet  uncor^ 
related.  The  American  material  alone  is  singularly  rich,  but  most 
of  it  has  been  accumulated  since  Roth's  treatise  was  published. 
The  science  of  chemistry,  moreover,  has  undergone  great  changes 
dxuping  the  last  25  years,  and  many  subjects  now  appear  under  new 
and  generally  unfamiliar  aspects.  The  methods  and  principles  of 
physical  chemistry  are  being  more  and  more  applied  to  the  solution 
of  geochemical  problems,*  as  is  shown  by  the  well-known  reseai-ches 
of  Van't  Hoff  upon  the  Stassfurt  salts  and  the  magmatic  studies  of 
Vogt,  Doelter,  and  others.  The  great  work  in  progress  at  the  geo- 
physical laboratory  of  the  Carnegie  Institution  is  another  illustration 
of  the  change  now  taking  place  in  geochemical  investigation.  To 
bnng  some  of  Uie  data  together,  to  formulate  a  few  of  the  problems 
and  to  present  certain  general  conclusions  in  thctir  modem  form  are 
the  purposes  of  this  memoir.  It  is  not  an  exhaustive  monograph 
upon  geochemistry,  but  rather  a  critical  summary  of  what  is  now 
known,  and  a  guide  to  the  more  important  literature  of  the  subject. 
If  it  does  no  more  than  to  make  existing  data  available  to  the  reader, 
its  preparation  will  be  justified. 

■  Piinciplesi  of  chemical  geology,  by  J.  V.  Elsden  (London,  1910),  Is  an  excellent  though  brief  treatise  on 
ttiii  aspoct  of  geochemistry.    It  covers,  however,  only  a  small  portion  of  the  ficM. 


CHAPTER  I. 

THE  CHEMICAL  ELEMENTS. 

NATURE  OF  THE  EIiEMEXTS. 

Although  many  thousands  of  compounds  are  known  to  chemists 
and  an  ahnost  infinite  nimiber  are  possible,  they  reduce  on  analysL 
to  a  sihall  group  of  substances  which  are  called  elements.     It  is  no 
necessary  for  the  geologist  to  speculate  on  the  ultimate  nature  o: 
these  bodies;   it  is  enough  for  him  to  recognize  the  fact  that  all  th( 
compounds  foimd  in  the  earth  are  formed  by  their  union  with  one 
another  and  that  they  are  not  to  any  considerable  extent  reducible 
to  simpler  forms  of  matter  by  any  means  now  within  our  control. 
To  the  geochemist,  generally  speaking;  they  are  the  final  results  oi 
analysis,  beyond  which  it  is  rarely  necessary  to  go.    This  statement, 
however,  must  not  be  taken  witJiout  qualification.     It  is  probable, 
as  shown  by  the  writer  many  years  ago,^  that  the  elements  were 
originally  developed  by  a  process  of  evolution  from  much  simpler 
forms  of  matter,  as  is  indicated  by  the  progressive  chemical  com- 
plexity observed  in  passing  from  the  nebulse  through  the  hotter 
stars  to  the  cold  planets.      Changes  in  the  opposite  direction  have 
been  discovered  through  recent  investigations  upon  radioactivity 
by  which  an  actual  breaking  down  of  some  elements  is  proves 
Uranium  undergoes  a  slow  metamorphosis  to  radium,  and  radiui 
in  turn  passes  through  a  series  of  changes  which  ends  in  the  pn 
duction  of  heUimi.      Thorium  also  exhibits  a  similar  instabihty,  bi 
thorium,  radium,  and  uranium  are  elements  of  high  atomic  weigh 
and  therefore,  in  all  probability,  of  maximum  complexity.     It  i 
conceivable  that  all  the  elements  may  be  similarly  unstable,  but  i 
so  slight  a  degree  that  their  transmutations  have  not  yet  bee 
detected.    Speculations  of  this  order,  however,  can  be  left  out  c 
consideration  now.      For  present  purposes  the  recognized  element 
are  our  fundamental  chemical  units,   and   the  questions  of  thei 
origin  and  transmutabiUty  may  be  neglected. 

At  present  the  elements  enumerated  in  the  subjoined  table  ar 
known,  all  doubtful  substances  being  omitted.  The  radioactivi 
elements,  polonium,  actinium,  radiothorimn,  ionium,  etc.,  are  als( 
disregarded  for  the  reasons  that  they  are  imperfectly  known  anc 
geologically  unimportant.  • 

t  F.  W.  Clarke,  Pop.  Sd.  Monthly,  January,  1S73.    See  also  the  later  well-known  speculations  o 
J.  Norman  LocKyer. 
s  This  subject  will  be  discussed  at  length  later. 
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ByinlMj. 


Aluminum. . 
Antunony. . 

Argon 

Arsenic.  .  . . 
Barium .  .  . . 
Bifflnuth.  .  . 

Boron 

Bromine.  .  . 
Cadmium.  . 
Cttedum .... 
Calcium. . . . 
Carbon 

Cerium 

Chlorine 

Chromium... 

Cobalt 

I   Columbium. 

Copper.. 

Dysproediun. 

Brbmm. . . . 

£uro]^um. . 

Fluorine.  .  . 

Gmdoliniam. 

Gallium . 

Germanium. 

Glocniam... 

Gold 

Helium 

Holmium. . . 

Hydrogen. . 

Indium 

Iodine 

Iridium 

Iron 

Krypton.  . . 

Lanthanum. 

Lead 

Lithium 

Lutecium... 

Magnesium. 


Mercury. 


Al 

8b 

A 

As 

Ba 

Bi 

B 

Br 

•cd 

Cb 

Ca 

C 

Ce 

CI 

Cr 

Co 

Cb 

Cu 

^ 
Er 

£u 

F 

Gd 

Ga 

Ge 

Gi 

Au 

He 

Ho 

H 

In 

I 

It 

Fe 

Kr 

La 

Pb 

Li 

Lu 

Mg 

Mn 

Hg 


27.1 
120l2 
39.9 
74.96 
137.37 
20&0 
10.9 
79.92 
112.40 
132.81 
40.07 
12.005 
140.25 
35.46 
52.0 
5a  97 

9a  i 

6a  57 
162.5 
167.7 
152.0 

19.0 
157.3 

70.1 

72.  5 

9.1 

197.2 

4.00 

16a  6 

LOOS 
114.8 
12a  92 
19a  1 

55.84 

82.92 
139.0 
207.20 
a  94 
175.0 

24.32 

54.93 
200.6 


Molybdeniun 

Keoaymium...... 

Neon 

Nidcd 

Niton 

Nitrogen 

Oemium 

Oxygen 

Palladium 

Fhosphonn 

Platinum 

Fotaasium 

Praseodymium 

Radium 

Rhodium 

Rubidium 

Ratiiemum 

Samarium 

Scandiiun 

Selenium 

Silicon 

Silver 

Sodium 

Strontium 

Sulphur 

Tantalum 

Tellurium 

Terbiimi 

Thallium , 

Thorium , 

Thulium 

Tin 

Titanium 

Tungsten , 

Uranium 

Vanadium 

Xenon 

Ytterbiimi  (Neoyt- 

terbium) 

Yttrium 

Zinc 

Zirconium 


Symbol. 


Mo 

Nd 

Ne 

Ni 

Nt 

N 

Os 

O 

Pd 

P 

Pt 

K 

Pr 

£a 

Rh 

Rb 

Ru 

Sa 

Sc 

Se 

Si 

Ag 

Na 

Sr 

S 

Ta 

Te 

Th 

Tl 

Th 

Tm 

Sn 

Ti 

W 

U 

V 

Xe 

Yb 
Yt 
Zn 
Zr 


.\tflBEiie 
weight. 


96.0 
144.3 

20.2 

58.68 
222.4 

14.008 
190.9 

laoo 

106.7 
31.04 

195.2 
39.10 

140.9 

22ao 

102.9 
85.45 

10L7 

150.4 
44.1 
79.2 
28.3 

107.88 
2a  00 
87.63 
32.06 

18L5 

127.5 

159.2 

204.0 

232.15 

ias.5 

lia7 

4a  1 

184.0 

238.2 

5L0 

130.2 

17a  5 
89.3 
65.37 

90.6 


DISTRIBUTION  OP  THE  EUEJMENTS. » 

The  elements  differ  widely  in  their  abundance  and  in  their  mode  of 
distribntion  in  nature.  Under  the  latter  heading  the  more  important 
data  may  be  summarized  as  follows: 

Alufmnwnt. — ^The  most  abimdant  of  all  the  metals.  An  essential 
constituent  of  all  important  rocks  except  the  sandstones  and  lime- 
stones, and  even  in  these  its  compounds  are  common  impurities. 
Beingj  easily  oxidized,  it  nowhere  occurs  native.     Found  chiefly  in 


>  For  an  esiiy  teble  showing  distribDtion,  see  6lie  de  BesumoBt,  BaH.  Soc.  fgM.  Fnnee,  9d  ser.,  vol.4, 
lM^-47,  p.  1333. 
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silicates,  such  as  the  feldspars,  micas,  clays,  etc.;  but  also  as  the 
oxide,  corundum;  the  hydroxide,  bauxite;  as  fluoride  in  cryolite;  and 
in  various  phosphates  and  sulphates.  With  the  exception  of  the 
fluorides,  only  oxidized  compounds  of  aluminum  are  known  to  exist 
in  nature. 

Antimony. — Common,  but  neither  abundant  nor  widely  diffused. 
Found  native,  more  frequently  as  the  sulphide,  stibnite,  also  in  vari- 
ous antimonides  and  sulphantimonides  of  the  heavy  metals,  and  as 
oxides  of  secondary  origin.  The  minerals  of  antimony  are  generally 
found  in  metalliferous  veins,  but  the  amorphous  sulphide  has  been 
observed  as  a  deposit  upon  sinter  at  Steamboat  Springs,  Nevada. 

Argon. — ^An  inert  gas  that  forms  nearly  1  per  cent  of  the  atmos- 
phere, and  is  also  found  in  some  mineral  springs.  No  compounds  of 
argon  are  known. 

Arsenic. — Found  native,  in  two  sulphides,  in  various  arsenides  and 
sulpharsenides  of  the  heavy  metals,  as  oxide,  and  in  a  considerable 
number  of  arsenates.  Arsenopyrite  is  the  commonest  arsenical  min- 
eral. Arsenic  is  very  widely  diffused,  and  traces  of  it  exist  normally 
even  in  organic  matter.  It  is  not  an  uncommon  ingredient  in  min- 
eral, especially  thermal,  springs.  In  its  chemical  relations  it  is 
regarded  as  nonmetallic  and  closely  allied  to  phosphorus. 

Barium. — Widely  distributed  in  small  quantities  throughout  the 
igneous  rocks,  probably  as  a  minor  constituent  of  the  feldspars  and 
micas,  although  other  silicates  containing  barium  are  known.  Com- 
monly found  concentrated  as  the  sulphate,  barite,  or  as  the  carbonate, 
witherite.     This  element  occurs  only  in  oxidized  compounds.* 

Bismuth. — Resembles  antimony  in  its  modes  of  occurrence,  but  is 
less  conmion.  Native  bismuth  and  the  sulphide,  bismuthinite,  are  its 
chief  ores.  Two  silicates  of  bismuth,  several  sulphobismuthides,  and 
the  tellmide,  oxide,  carbonate,  molybdate,  vanadate,  and  arsenate 
exist  as  relatively  rare  mineral  species. 

Boron. — ^An  essential  constituent  of  several  silicates,  notably,  of 
tourmaline  and  datoUte.  Its  compounds  are  obtained  commercially 
from  borates,  such  as  borax,  ulexite,  and  colemanite,  or  froin  native 
orthoboric  acid,  sassoUte,  which  is  foimd  in  the  waters  of  certain 
volcanic  springs.  Some  alkaline  lakes  or  lagoons,  especially  in  CaU- 
fornia  and  Tibet,  yield  borax  in  large  quantities. 

Bromine. — Found  ux  natural  waters  in  the  form  of  bromides.  Sea 
water  contains  it  in  appreciable  quantities,  and  much  bromine  has 
been  extracted  from  the  brine  wells  of  West  Virginia  and  Michigan. 
The  bromide  and  chlorobromide  of  silver  are  well-known  ores. 

Cadmium. — ^A  relatively  rare  metal  found  in  association  with  zinc, 
which  it  resembles.     Occurs  usually  as  the  sulphide,  greenockite. 

1  On  bariam  in  soils,  see  O.  H.  FaUyer,  BaU.  Bur.  Soils  No.  72,  U.  S.  Dept.  Agr.,  1910. 
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Cxmofn. — ^A  ran  metal  of  the  alkaline  group,  allied  to  potassium. 

Often  found  in  lepidolite,  and  in  the  waters  of  some  mineral  sprii^. 

The  very  rare  mineral  polludte  is  a  silicate  of  aluminum  and  csBsium. 

Calcium. — Ond  of  the  most  abundant  metals,  but  never  foimd  in 

nature  nncombined.    An  essential  constituent  of  many  rock-forming 

minerals^  especially  of  an<^hite,  garnet,  epidote,  the  amphiboles, 

the  pyroxeneBy  and  scapolite.    Limestone  is  the  carbonate,  fluorspar 

is  the  fluoride,  and  gypsum  is  the  sulphate  of  calcium.    Apatite  is 

the  fluophosphate  or  chlorophosphate  of  this  metal.    Many  other 

mineral  species  also  contain  calcimn,  and  it  is  found  in  neariy  all 

natural  veaters  and  in  connection  with  organized  life,  as  in  bones 

and  shells.     Calciimi  sulphide  has  been  identified  in  meteorites. 

Carbon, — ^^e  characteristic  element  of  organic  matter.  In  the 
mineral  kingdom  carbon  is  found  crystallized  as  graphite  and  dia- 
mond and  also  amorphous  in  coal.  Carbon  dioxide  is  a  normal 
constitueat  of  atmospheric  air.  Natiu*al  gas,  petroleum,  and  bitimien 
are  essentially  hydrocarbons.  Carbonic  acid  and  carbonates  exist 
in  most  natural  waters,  and  great  rock  masses  are  composed  of  carbon- 
ates of  calcium,  magnesimn,  and  iron.  A  few  silicates  contain  car- 
bon, but  of  these,  cancrinite  is  the  only  species  having  petrographic 
importance. 

Cerium, — One  of  the  group  of  elements  known  as  the  metals  of  the 
rare  earths.  These  substances  are  generally  foimd  in  granites  or 
ebeolite  syenites,  or  in  gravels  derived  therefrom.  Cerium  exists 
in  a  considerable  nimiber  of  mineral  species,  but  the  phosphate, 
monazite,  and  the  silicates,  cerite  and  aUanite,  are  all  that  need  be 
mentioned  here. 

Chlorine, — ^The  most  abundant  element  of  the  halogen  group. 
Commonly  found  as  sodium  chloride,  as  in  sea  water  and  rock  salt. 
Also  in  certain  rock-forming  minerals,  such  as  sodaUte  and  the 
scapolites,  and  in  a  variety  of  other  minerals  of  greater  or  less  im- 
portance. Silver  chloride,  for  example,  is  a  well-known  ore,  and 
camallite  is  valuable  for  the  potassium  which  it  contains. 

Chromium. — ^\^ery  widely  diffused,  generally  in  the  form  of  chro- 
mite,  and  most  commonly  in  magnesian  rocks.  A  few  chromates  and 
several  silicates  containing  chromium  are  also  known,  but  as  rela- 
tively rare  minerals. 

Cobalt, — Less  abundant  than  nickel,  ^vith  which  it  is  generally 
associated.  Usually  found  as  sulphide  or  arsenide,  or  in  oxidized 
salts  derived  from  those  compoimds. 

Columbium.^ — A  rare  acid-forming  element  resembling  and  associ- 
ated  with  tantalum.  Both  form  salts  with  iron,  manganese,  calcium, 
uranium,  and  the  rare-earth  metals,  the  minerals  columbite,  tantalite, 

'  Also  known  as  "niobiom."    The  name  colnmbiu-n  has  more  than  40  years'  priority. 
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and  samarskite  being  typical  examples.  All  these  minerals  are 
most  abmidant  in  pegmatite  veins. 

Copper. — ^]^finute  traces  of  this  metal  are  often  detected  in  igneous 
rocks,  although  they  are  rarely  determined  quantitatively.  Also 
present  in  sea  water  in  very  small  amounts.  Its  chief  ores  are 
native  copper,  several  sulphides,  two  oxides,  and  two  carbonates. 
The  arsenides,  arsenates,  antimonides,  phosphates,  sulphates,  and 
silicates  also  exist  in  nature,  but  are  less  important.  In  chalco- 
pyrite  and  bomite,  copper  is  associated  with  iron. 

Dygj/rosium. — A  little-known  metal  of  the  rare  earths. 

Erbmm. — One  of  the  rare-earth  metals  of  the  yttrium  group.  See 
'^Yttrium.'' 

Europium. — ^Another  metal  of  the  rare  earths,  of  slight  importance. 

Fluorine. — ^The  most  characteristic  minerals  of  fluorine  are  cal- 
cium fluoride  (fluor  spar)  and  cryolite,  a  fluoride  of  aluminum  and 
sodium.  Apatite  is  a  phosphate  containing  fluorine,  and  the  element 
is  also  found  in  a  goodly  number  of  silicates,  such  as  topaz,  tourma- 
line, the  micas,  etc.  Fluorine,  therefore,  is  commonly  present  in 
igneous  rocks,  although  in  small  quantities. 

Oadolinmm. — One  of  the  metals  of  the  rare  earths.  See  '  ^Cerium  " 
and  'Tttrium.'' 

GaUium. — A  very  rare  metal  whose  salts  resemble  those  of  alu- 
minum. Found  in  traces  in  many  zinc  blendes.  Always  present 
in  spectroscopic  traces  in  bauxite  and  in  nearly  all  aluminous 
minerals. 

Germanium. — ^A  very  rare  metal  allied  to  tin.  The  mineral  argy- 
rodite  is  a  sulphide  of  germanium  and  silver. 

Gludnum. — A  relatively  rare  metal,  first  discovered  in  beryl,  from 
which  the  alternative  name  beryllium  is  derived.  Found  also  in  the 
alumina te,  chrysoberyl;  in  several  rare  silicates  and  phosphates; 
and  in  a  borate,  hambergite.  As  a  rule  the  minerals  of  glucinimi 
occur  in  granitic  rocks. 

Gold. — Found  in  nature  as  the  free  metal  and  in  tellurides.  Very 
widely  distributed  and  under  a  great  variety  of  conditions,  but 
almost  invariably  associated  with  quartz  or  pyrite.  Gold  has  been 
observed  in  process  of  deposition,  probably  from  solution  in  alkaline 
sulphides,  at  Steamboat  Springs,  Nevada.  It  is  also  present,  in  very 
small  traces,  in  sea  water. 

Helium. — ^An  inert  gas  obtained  from  iiraninite.  The  largest 
quantities  are  derived  from  the  Ceyloneee  thorianite  and  the  highly 
crystalline  uraninite  found  in  pegmatite.  The  massive  mineral  from 
metalliferous  veins  contains  little  or  no  helium.  Traces  of  helium 
also  exist  in  the  atmosphere,  in  spring  waters,  and  in  some  samples 
of  natural  gas. 

Holmium. — One  of  the  rare-earth  metals.    Little  known. 
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Hydrogen. — ^This  element  forms  about  one-ninth  part  by  weight 
of  water,  and  therefore  it  occurs  almost  everywhere  in  nature.  In 
a  majority  of  all  mineral  species,  and  therefore  in  practically  all 
rocks,  it  is  found,  either  as  occluded  moisture,  as  water  of  crystal- 
lization, or  combined  as  hydroxyl.  All  organic  matter  contains 
hydrogen,  and  hence  it  is  an  essential  constituent  of  such  derived 
substances  as  natural  gas,  petroleum,  asphaltmn,  and  coal.  The 
free  gas  has  been  detected  in  the  atmosphere,  but  in  very  minute 
quantities. 

Indium, — ^A  rare  metal,  found  in  very  small  quantities  in  certain 
zinc  blendes.  Spectroscopic  traces  of  it  can  be  detected  in  many 
minerals,  especially  in  iron  ores. 

Iodine, — ^The  least  abundant  element  of  the  halogen  group.  Foimd 
in  sea  water,  in  certain  mineral  springs,  and  in  a  few  rare  minerals, 
especially  the  iodides  of  silver,  copper,  and  lead.  Calcium  iodate, 
lautarite,  exists  in  the  Chilean  nitrate  beds. 

Iridium. — ^A  metal  of  the  platinum  group.     See  'Tlatinum.'' 

Iron. — Next  to  aluminum,  the  most  abimdant  metal,  although 
native  iron  is  rare.  Found  in  greater  or  less  amount  in  practically 
all  rocks,  especially  in  those  which  contain  amphiboles,  pyroxenes, 
micas,  or  oUvine.  Magnetite  and  hematite  are  oxides  of  iron,  Umon- 
ite  is  a  hydroxide,  pyrite  and  marcasito  are  sulphides,  siderite  is  ■ 
the  carbonate,  and  there  are  also  many  silicates,  phosphates,  arse- 
nates, etc.,  which  contain  this  element.  The  mineral  species  of  which 
iron  is  a  normal  constituent  are  numbered  by  hundreds. 

Krypton. — An  inert  gas  of  the  argon  group,  foimd  in  small  quanti- 
ties in  the  atmosphere. 

Lanthanum. — A  metal  of  the  rare-earth  group,  almost  invariably 
associated  with  ceriiun,  g.  v.  Lanthanite  is  the  carbonate  of 
lanthanum. 

Lead. — Foimd  chiefly  in  the  sulphide,  galena,  from  which,  by 
cdteration,  various  oxides,  the  sulphate,  and  the  carbonate  are  derived. 
Native  lead  is  rare.  A  number  of  sulphosalts  are  known,  several 
silicates,  and  also  a  phosphate,  an  arsenate,  and  some  vanadates. 
Galena  is  frequently  associated  with  pyrite,  marcasite,  and  sphalerite. 

LitMum. — One  of  the  alkaline  metals.  Traces  of  it  are  found  in 
nearly  all  igneous  rocks,  and  in  the  waters  of  many  mineral  springs. 
The  more  important  lithia  minerals  are  lepidolite,  spodumene,  petal- 
ite,  amblygonite,  triphylite,  and  the  lithia  tourmalines. 

Lutecium. — One  of  the  rare-earth  minerals.  See  **  Yttrium  and 
ytterbium." 

Magnesium. — One  of  the  most  abundant  metals.     In  igneous  rocks 
it  is  represented  by  amphiboles,  pyroxenes,  micas,  and  olivine.  Talc, 
chlorite,    and    serpentine    are    common    magnesian    silicates,    and 
dolomite,  the  carbonate  of  magnesia  and  lima^  ^a.  i5©.<i  ^s^sss^^xs^ 
I  113750**— 1&— Bull.  695 2 
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eoonxioiiB  quanUties.    Magneeium  compounds  occur  in  sca^  water  and 
in  many  mineral  springs.    The  metal  is  not  found  native. 

Mangwnese. — Widely  dijBTused  in  small  quantities.  Found  in  most 
rocks  and  in  some  mineral  wata^.  Never  native.  Occurs  commonly 
in  silicates,  oxides,  and  carbonates,  less  frequently  in  siilphides, 
phosphates,  tungstates,  columbates,  etc.  The  dioxide^  pyrolusite, 
and  the  hydroxide,  psilomelane,  are  the  commonest  manganese 
minerals. 

Mercury, — This  metal  is  neither  abimdant  nor  widely  diffused. 
Exists  as  native  mercury,  but  is  usually  foimd,  locally  concentrated, 
in  the  form  of  the  sulphide,  cinnabar.  Chlorides  of  mercury,  the 
oxide,  the  selenide,  and  the'telluride,  are  relatively  rai'e  minerals. 
Cinnabar  hte  been  observed  in  process  of  deposition  by  solfataric 
action  at  Sulphur  Bank,  California;  and  Steamboat  Springs,  Nevada. 

Molybdenum. — One  of  the  rarer  metals.  Most  frequently  foimd  in 
granite  in  the  form  of  the  sulphide,  molybdenite.  The  molybdates 
of  iron,  calcium,  bismuth,  and  lead  are  also  known  as  mineral  species. 

Neodymium. — One  of  the  rare-earth  metals  associated  with  cerium. 

Neon. — ^An  inert  gas  of  the  argon  group,  found  in  minute  traces  in 
the  atmosphere. 

Niekd. — Closely  allied  to  cobalt.  Found  native,  alloyed  with 
iron,  in  meteorites  and  in  the  terrestrial  minerals  awaruite  and 
josephinitc.  Very  frequently  detected  in  igneous  rocks,  probably 
as  a  constituent  of  olivine.  Occurs  primarily  in  silicates,  sulphides, 
arsenides,  antimonides,  and  as  telluride,  and  secondarily  in  several 
other  minerals.  The  presence  iA  nickel  is  especially  characteristic 
of  magnesian  igneous  rocks,  and  it  is  generally  associated  in  them 
with  chromium. 

Niton, — ^The  gaseous  emanation  of  radium.  It  is  the  highea 
member  of  the  argon  group. 

Nitrogen. — The  predominant  element  of  the  atmosphere,  iu  whicl 
it  is  uncombined.  Also  abundant  in  organic  matter,  and  in  sue) 
derived  substances  as  coal.  Nitrates  are  found  in  the  soil  and  ii 
cave  earth;  and  in  some  arid  regions,  as  in  Chile,  they  exist  ii 
enormous  quantities.  Some  volcanic  waters  contain  nitrogen  in  th( 
form  of  ammoniinn  compoimds. 

Osmium. — ^A  metal  of  the  platinmn  group.     See  ''Platiniun.'' 

Oxygen. — The  most  abundant  of  the  elements,  forming  about  one- 
half  of  all  known  terrestrial  matter.  In  the  free  state  it  constitutes 
about  one-fifth  of  the  atmosphere;  and  in  water  it  is  the  chief  ele- 
ment of  the  ocean.  All  important  rocks  contain  oxygen  in  propor- 
tions ranging  from  45  to  53  per  cent. 

Palladium. — A  metal  of  the  platinum  group. 

Phosphorus. — Found  in  nearly  all  igneous  rocks,  generally  as  a 
constituent  of  apatite.     With  one  or  two  minor  exceptions,  it  exists 
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in  the  mineral  kingdom  only  in  the  form  of  phosphates,  of  which  a 
hige  niunber  axe  known.  An  iron  phosphide  occurs  in  meteorites. 
Phosphorus  is  also  an  essential  constituent  of  living  matter,  espe- 
cially of  bones,  and  certain  large  deposits  of  calcium  phosphate  are 
of  organic  origin. 

Platinum. — ^Platiniun,  iridium^  osmium,  ruthenium;  rhodium,  and 
palladiuni  constitute  a  group  of  metals  of  which  the  first  named  is 
the  most  important.  As.  a  rule  they  are  foimd  associated  together, 
and  geuerally  uncombined.  To  the  latter  statement  there  are  two 
known  exceptions — sperrylite  is  platinmn  arsenide,  and  laurite  is 
nitheniinn  sulphide.  Native  platinmn,  platiniridiiun,  iridosmine, 
and  native  palladium  are  all  reckoned  as  definite  mineral  species.  The 
metals  of  this  group  are  commonly  foimd  associated  with  magnesian 
rocks,  or  in  gravels  derived  from  them.  Chromite  often  accompanies 
platinum,  and  so  also  do  the  ores  of  nickel.  Sperrylite  is  found  in 
tho  nickeliferous  deposits  at  Sudbury,  Canada;  and  has  also  been 
ideatified  in  the  sulphide  ores  of  the  Sambler  mine  in  Wyoming.  In 
the  latter  ores  palladium  is  present  also,  and  possibly,  like  the 
platinum,  as  arsenide. 

PoicLssium. — ^An  abimdant  metal  of  the  alkaline  group.     Found  in 
many  rocks,  especially  as  a  constituent  of  the  feldspars,  micas,  and 
leucite.     Nearly  all  terrestrial  waters  contain  potassium,  and  the 
saline  beds  near  Stassfurt,  Germany,  are  peculiarly  rich  in  it. 
Praseodymium. — A  rare-earth  metal  associated  with  ceriiun. 
Radium. — A  very  rare  metal  of  the  calcimn-barium  group.     Ob- 
tained in  minute  quantities  from  uraninite  and  carnotite.     Of  possible 
importance  in  the  study  of  volcanism.    According  to  R.  J.  Strutt,* 
traces  of  radium  can  be  detected  in  all  igneous  rocks. 
Rhodium. — ^A  metal  of  the  platinum  group.     See  ''Platinum.' 
Rvlndiumr. — An  alkaline  metal  intermediate  between  potassium 
and  csesitmi.     Found  in  lepidoUte  and  in  some  mineral  springs. 
Rubidium  is  reported  as  present  in  the  waters  of  the  Caspian  Sea. 
Ruthenium. — ^A  metal  of  the  platiniun  group.     See  'Tlatinimi." 
Samarium. — ^A  rare-earth  metal  obtained  from  samarskite. 
Scandium. — ^A  rare-earth  metal  obtained  from  euxenite,  and  also 
from  wolfram.     According  to  G.  Eberhard^  it  is  the  most  widely 
diffused  of  all  the  rare-earth  group,  although  it  is  found  only  in  very 
small  quantities. 

Selenium. — ^A  nonmetallic  element  allied  to  sulphm*,  with  which  it 
is  commonly  associated.  Found  native,  and  also  in  the  selenides  of 
copper,  silver,  mercury,  lead,  bismuth,  and  thallium.  A  few  selenites 
exist  as  secondary  minerals. 

» Proc  Roy.  Soc.,  vol.  77,  ser.  A,  1008.  p.  472. 

'  ^tzanesb.  BorUn  Akad. ,  1908,  p.  851.    See  also  a  later  ][>aper  in  Cliem.  News,  vol.  102, 1910,  p.  211. 
OiaetaAiom  In  AnHOrieaa  woUram,  see  H.  8.  Lukens,  Jour.  Aa.  Chem.  See.,  vol.  35, 1913,  p.  1470. 
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Silicon. — Next  to  oxygen,  the  most  abundant  element.  Fomid  in 
quartz,  tridymite,  opal,  and  all  silicates.  The  characteristic  element 
of  all  important  rocks  except  the  carbonates.  Silica  also  exists  in 
probably  all  river,' well,  and  spring  waters.  From  volcanic  waters  it 
is  deposited  in  the  form  of  sinter. 

Silver, — This  metal  occurs  native,  as  sulphide,  arsenide,  antimonide, 
teUurido,  chloride,  bromide,  iodide,  and  in  numerous  sulphosalts. 
Native  gold  generally  contains  some  silver,  and  the  latter  is  also  often 
associated  with  native  copper.  Oxidized  compoimds  of  silver  are 
known  only  as  artificial  products.  Small  traces  of  silver  exist  in  sea 
water. 

Sodium. — The  most  abundant  of  the  alkaline  metals.  In  igneous 
rocks  it  is  a  constituent  of  the  feldspars,  of  the  nepheline  group  of 
minerals,  and  of  certain  pyroxenes,  such  as  aegirite.  Also  abundant 
in  rock  salt,  and  in  nearly  all  natural  waters,  sea  water  especially. 

Strontium. — ^A  metal  intermediate  between  calcium  and  barium, 
but  less  abundant  than  the  latter.  Strontium  in  small  amount  is  a 
common  ingredient  of  igneous  rocks.  The  most  important  strontium 
minerals  are  the  sulphate,  celestite,  and  the  carbonate,  strontianite. 

Sulphur. — Found  native  and  in  many  sulphides  and  sulphates. 
Also  in  igneous  rocks  in  the  sulphatosilicates,  haGynite  and  nosean. 
Native  sulphur  is  abimdant  in  volcanic  regions  and  is  also  formed 
elsewhere  by  the  reduction  of  sulphates.  Pyrite  is  the  conmionest 
of  the  sulphides,  gypsum  of  the  sulphates.  Alkaline  sulphates  are 
obtainable  from  many  natural  waters.  Sulphur  also  exists  in  coal 
and  petroleum. 

Tantalum. — ^A  rare  acid-forming  element  akin  to  columbium,  with 
which  it  is  usually  associated. 

Tellurium. — ^A  semimetaUic  element,  the  least  abundant  of  the 
sulphur  group.  Found  native,  and  in  the  tellurides  of  gold,  silver, 
lead,  bismuth,  mercury,  nickel,  and  copper.  Its  oxide  and  a  few  rare 
tellurates  or  tellurite  are  known  as  alteration  products. 

Terbium. — ^A  rare-earth  metal  of  the  yttrium  group.  See 
"Yttrium." 

Thallium. — One  of  the  rarer  heavy  metals.  Found  as  an  impurity 
in  pyrite  and  some  other  sulphides.  The  rare  mineral  crookesite  is 
a  selcnide  of  copper  and  thalUum,  and  lorandite  is  sulpharsenide  of 
thallium.     Vrbaite  is  a  sulphide  of  arsenic,  antimony,  and  thallium. 

Thorium. — ^A  rare  metal  of  the  titanium-zirconium  group,  the  most 
basic  of  the  series.  Chiefly  obtained  from  monazite  sand.  Also 
known  in  silicates,  such  as  thorite,  in  some  columbo-tantalates,  and 
in  certain  varieties  of  uraninite. 

Thulium. — A  rare-earth  metal  of  which  little  is  known. 

Tin. — ^Very  rare  native.  Most  abimdant  as  the  oxide,  cassiterite, 
which  is  found  in  association  with  granitic  roclis.  Traces  of  tin  have 
been  detected  in  feldspar.    Stannite,  or  tin  pyrites,  is  a  sulphide  of 
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tin,  copper,  and  iron,  and  a  few  other  rare  minerals  contain  this  ele- 
ment. 

TUaniufn. — ^This  element  is  almost  invariably  present  in  igneous 
rocks  and  in  the  sedimentary  material  derived  from  them.  Out  of 
800  igneous  rocks  analyzed  in  the  laboratory  of  the  United  States 
Geological  Survey,  784  contained  titanium.  Its  commonest  occur- 
rences are  as  titanite,  ilmenite,  rutile,  and  perofskite.  The  element 
is  often  concentrated  in  beds  of  titanic  iron  ore. 

Tungsten. — ^An  acid-forming  heavy  metal  allied  to  molybdenum. 
Found  as  tungstates  of  iron,  manganese,  calcium,  and  lead  in  the 
minerals  wolfram,  htlbnerite,  scheelite,  and  stolzite,  and  also  as  a 
sulphide,  tungstenite. 

Uranium. — ^A  heavy  metal  foimd  chiefly  in  uraninite,  camotite, 
samarskite,  and  a  few  other  rare  minerals.  The  phosphates,  autunite 
and  torbemite,  are  not  unconmion  in  granites,  and  uraninite,  although 
sometimes  obtained  from  metalliferous  veins,  is  more  generally  of 
granitic  association.    Camotite  occurs  with  sedimentary  sandstones. 

Vanadium. — A  rare  element,  both  acid  and  base  forming,  and  allied 
to  phosphorus.  Found  in  vanadates,  such  as  vanadinite,  descloizite, 
and  pucherite,  associated  with  lead,  copper,  zinc,  and  bismuth.  Also 
in  the  silicates  roscoehte  and  ardennite.  Camotite,  which  was  men- 
tioned in  the-  preceding  paragraph,  is  an  impure  vanadate  of  potas- 
sium and  uranium.  Sulvanite  is  a  sulphovanadate  of  copper. 
Patronite,  a  sulphide  of  vanadium,  forms  a  large  deposit  at  one  locality 
in  Peru. 

Xenon. — ^An  inert  gas,  a  member  of  the  argon  group.  Found 
in  minute  traces  in  the  atmosphere. 

Yttrium,  and  ytterbium. — Two  rare-earth  metals,  which,  with  lute- 
cium,* erbium,  and  terbium,  are  best  obtained  from  gadolinite. 
Yttrium  is  also  found  in  the  phosphate,  xenotime,  in  several  silicates, 
and  in  some  of  the  columbo-tantalate  group  of  minerals.  The  min- 
erals of  the  rare  earths  are  generally  found  in  granite  or  pegmatite 
veins. 

Zinc, — Common  and  rather  widely  diffused.  Native  zinc  has  been 
reported,  but  its  existence  is  doubtful.  The  sulphide,  sphalerite,  is 
its  commonest  ore,  but  the  carbonate,  smithsonite,  and  a  silicate, 
calamine,  are  also  abundant.  At  Franklin,  New  Jersey,  zinc  is  foimd 
in  a  unique  deposit,  in  which  the  oxide,  zincite;  the  ferrite,  frank- 
Unite;  and  the  silicates,  troostite,  and  willemite,  are  the  character- 
istic ores. 

Zirconium. — Allied  to  titanium  and  rather  widely  diffused  in  the 
igneous  rocks.     It  usually  occurs  in  the  silicate,  zircon. 

1  The  old  ytterbinxii,  the  3rtttfbium  of  the  first  edition  of  this  work,  has  been  provod  to  be  complex 
by  O.  Urbolii  and  Aner  von  Welsbach,  working  independently.    The  two  components  of  the  former  ytter- 
bhzm  are  by  Urbaln  named  neoytterblum  and  lutecium.    For  these  Wolsbach  proposes  the  names  alde- 
barudmn  and  cassiopdmn.    The  name  ytterbium  Is  here  retained  for  the  maisi  cn<cQ;^KscL«&x.  ^VN^cts^  ^^£s^:c»«i 
tadlatednia  for  the  other,  as  having  pilotity  ovec  Via  synoxvyoi. 
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REIiATIVE  ABUNDANCE  OP  THE  EIiEMENTS. 

In  any  attempt  to  compute  the  relative  abundance  of  the  chemical 
elements,  we  must  bear  in  mind  the  limitations  of  our  experience. 
Our  knowledge  of  terrestrial  matter  extends  but  a  short  distance 
below  the  surface  of  the  earth,  and  beyond  that  we  can  only  indulge 
in  speculation.  The  atmosphere,  the  ocean,  and  a  thin  shell  of  solids 
are,  speaking  broadly,  all  that  we  can  examine.  For  the  first  two 
layers  our  information  is  reasonably  good,  and  their  masses  are 
approximately  determined;  but  for  the  last  one  we  must  assimie 
some  arbitrary  limit.  The  real  thickness  of  the  lithosphcre  need  not 
be  considered;  but  it  seems  probable  that  to  a  depth  of  10  miles 
below  sea  level  the  rocky  material  can  not  vary  greatly  from  the 
volcanic  outflows  which  we  recognize  at  the  surface.  This  thickness 
of  10  miles,  then,  represents  known  matter,  and  gives  us  a  <(Uantita^ 
tive  basis  for  stud  v.  A  shell  onlv  0  miles  thick  would  barelv  clear 
the  lowest  deeps  of  the  ocean. 

I  am  indebted  to  Dr.  R.  S.  Woodward  for  data  relative  to  the 
volume  of  matter  which  is  thus  taken  into  account.  The  volume  of 
the  10-mile  rocky  crust,  including  the  mean  elevation  of  the  continents 
above  the  sea,  is  1,633,000,000  cu1>ic  miles,  and  to  this  material  we 
may  assign  a  mean  density  not  lower  than  2.5  nor  much  higher 
than  2.7.  The  volume  of  the  ocean  is  put  at  302,000,000  cubic 
miles,'  and  I  have  given  it  a  deasity  of  1.03,  which  is  a  trifle  too  high. 
The  ma.ss  of  the  atmasphere,  so  far  as  it  can  bo  determined,  is  equiva- 
lent to  that  of  1,268,000  cubic  mUes  of  water,  the  unit  of  density. 
Coral)ining  these  data,  we  get  the  foDowing  expressions  for  the  com- 
position of  tho  known  matter  of  our  globe: 

Composition  of  known  matter  of  the  earth. 


Density  of  crust '       2.  5       j       2.  7 


A tmosphere por  cent. . 

Ocean do 

Solid  cniflt ! do 


0.  03  '  0.  03 

7.06  i  6.58 

92.  89  93.  39 


100.  00  100. 00 


In  short,  wo  can  regard  the  surface  layer  of  the  earth,  to  a  depth 
of  10  miles,  as  consisting  very  nearly  of  93  per  cent  solid  and  7  per 
cent  liquid  matter,  treating  the  atmosphere  as  a  small  correction  to 

1  Sir  John  Murray  (Scottish  Goog.  Mag.,  1S8S,  p.  39)  estimates  the  volume  of  the  ocean  at  333,722, l.lO 
cul)ic  niUes.  K.  Karstons,  more  recently  (Eino  ncue  Bcrcchnung  der  mitllcron  Ticfon  <!rr  Occane,  Inaug- 
Diss.,  Kiel,  18»1),  pnt  it  at  1,235,935,211  cubic  kilometers,  or  307,496,000  cubic  miles.  Karstens  gives  a  good 
summary  of  previous  estimates,  which  vary  wivlcly.  According  to  O.  EnUnmel,  tlie  volume  Is  329,097,500 
cubic  miles  (Encyc  Britannica,  lllh  ed.,  vol.  19,  p.  974).  To  change  Uic  figure  given  in  the  text  would 
be  straining  after  unattainable  precision. 
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be  applied  "wheii  needed.'  The  figure  thus  assigned  to  the  ocean  is 
{NTobably  a  little  too  high/  but  its  adoption  makes  an  allowance  for 
the  freali  /waters  of  the  globe,  which  are  too  small  in  amoimt  to  be 
estimable  directly.  Tlieir  insignificance  may  be  inferred  from  the 
fact  that  a  section  o^  the  10-mile  crust  having  the  sm^ace  area  of 
the  United  States  represents  only  about  1.5  per  cent  of  the  entire 
mass  of  matter  under  consideration.  A  quantity  of  water  equivalent 
to  1  per  cent  of  the  ocean,  or  0.07  per  cent  of  the  matter  now  con- 
sidered, would  cover  all  the  land  areas  of  the  globe  to  a  depth  of 
290  feet.  Even  the  mass  of  Lake  Superior  thus  becomes  a  negligible 
quantity.  The  significance  of  imderground  waters  will  be  discussed 
later. 

The  composition  of  the  ocean  is  easily  determined  from  the  data 
given  by  Dittmar  in  the  report  of  the  Challenger  expedition.^  The 
maximum  salinity  observed  by  him  amounted  to  37.37  grams  of  salts 
in  a  kUogram  of  water,  and  by  taking  this  figure  instead  of  a  lower 
average  value  we  can  allow  for  saline  masses  inclosed  within  the 
solid  crust  of  the  earth,  which  would  not  otherwise  appear  in  the 
final  estimates.  Combining  this  datum  vdth  Dittmar's  figures  for 
the  average  composition  of  the  oceanic  salts,  we  get  the  second  of 
the  subjoined  colimms.  Other  elements  contained  in  sea  water,  but 
only  in  minute  traces,  need  not  be  considered  here.  No  one  of  them 
coidd  reach  0.001  per  cent. 


Composition  of  oceanic  salts. 
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Composition  of  octan. 
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It  TB  wofrth  while  at  this  point  to  consider  how  large  a  mass  of 
matter  these  oceatiic  salts  represent.  The  average  salinity  of  the 
ocean  is  not  far  from  3.5  per  cent;  its  mean  density  is  1.027,  and  its 
volume  is  302,000,000  cubic  miles.  The  specific  gravity  of  tiie  salts, 
as  nearly  as  can  be  computed,  is  2.25.  From  these  data  it  can  be 
shown  tiiat  the  volume  of  the  saline  matter  in  the  ocean  is  a  little 
more  than  4,800,000  cubic  miles,  or  enough  to  cover  the  entire  surface 

'  The  adqptioEQ  of  Hurray^  flguro  for  the  vohime  of  the  ocean  would  make  its  percentage  7.12  to  7.88 
icearding  to  the  don&ity  (2.5  or  2.7)  assigned  to  the  lithosphere. 
'  In  Tol.  1,  Physics  and  chemistry. 


24  DATA  OF  GEOCHEBOSTRT. 

of  the  United  States,  excluding  Alaska,  1.6  miles  deep.*  In  the  face 
of  these  figures,  the  beds  of  rock  salt  at  Stassfurt  and  elsewhere, 
which  seem  so  enormous  at  close  range,  become  absolutely  trivial. 
The  allowance  made  for  them  by  using  the  maximum  salinity  of  the 
ocean  instead  of  the  average  is  more  than  sufficient,  for  it  gives  them 
a  total  volume  of  325,000  cubic  miles.  That  is,  the  data  used  for 
computing  the  average  composition  of  the  ocean  and  its  average 
significance  as  a  part  of  all  terrestrial  matter  are  maxima,  and  there- 
fore tend  to  compensate  for  the  omission  of  factors  which  could  not 
well  be  estimated  directly. 

The  average  composition  of  the  lithosphere  is  very  nearly  that  of 
the  igneous  rocks  alone.  The  sedimentary  rocks  represent  altered 
igneous  material,  from  which  salts  have  been  leached  into  the  ocean, 
and  to  which  oxygen,  water,  and  carbon  dioxide  have  been  added 
from  the  atmosphere.  For  these  changes  corrections  can  be  applied, 
and  their  magnitude  and  effect,  as  will  bo  shown  later,  is  surprisingly 
small.  The  thin  film  of  organic  matter  upon  the  surface  of  the  earth 
can  be  neglected  altogether.  In  comparison  with  the  10-mile  thick- 
ness of  rock  below  it,  its  quantity  is  too  small  to  be  considered.  Even 
beds  of  coal  are  negligible,  for  their  volume  also  is  relatively  insig- 
nificant. Practically,  we  have  to  consider  at  first  only  10  miles  of 
igneous  rock,  which,  when  large  enough  areas  are  studied,  averages 
much  alike  in  composition  all  over  the  globe.  This  point  was  estab- 
lished in  an  earlier  memoir,  when  groups  of  analyses,  representing 
rocks  from  different  regions,  were  compared.*  The  essential  uni- 
formity of  tjie  averages  was  xmmistakable,  and  it  has  been  still  fm*- 
ther  emphasized  in  later  computations  by  others  as  well  as  by  myself. 

To  this  method  of  averaging  one  serious  objection  has  been  raised. 
All  analyses  are  given  equal  weight,  without  regard  to  the  areas 
occupied  by  the  various  rocks  and  therefore  to  their  relative  abun- 
dance.    One  rock,  say  a  granite,  is  exceedingly  abimdant;  another 
may  be  represented  by  one  small  dike.     The  inequality  is  obvious, 
but  what  does  it  really  signify?    In  the  first  place  the  relatively 
insignificant  rocks  vary  in  composition  from  persilicic  to  subsilicic  ]Ui 
as  the  most  abimdant  rocks  do.     In  the  average  they  tend  to  con 
pensation,  and  so  to  approximate  to  the  true  mean.     Fm'thermor< 
the  siurf  ace  exposiu-e  of  a  rock  is  no  certain  measure  of  its  real  volum 
and  mass,  for  it  may  be  merely  the  peak  or  crest  of  a  large  subte 
ranean  formation. 

1  Aooording  to  J.  Joly  (Sci.  Traos.  Roy.  Soc.  Dublin,  2d  ser.,  vol.  7,  1899,  p.  30),  the  sodium  chlori 
the  ocean  would  cover  the  entire  globe  112  feet  deep.  If  Kiiimmel's  figure  for  the  volume  of  the  occ 
taken,  the  volume  of  the  salts  becomes  approximately  5,100,000  cubic  miles. 

*  Bull.  Philos.  Soc.  Washington,  vol.  11, 1889,  p.  131.    Also  in  Bull.  U.  B.  Oeol.  Survey  No.  78, 189 
A  later  and  more  complete  table  is  given  in  Proc.  Am.  Philos.  Soc.,  vol.  51,  p.  214, 1912. 
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A  good  test  of  the  validity  of  such  averages  as  I  have  used  is 
fmrushed  by  the  work  of  R.  A.  Daly.*  Daly  has  made  separate 
averages  of  analjrses  of  more  than  twenty  rock  types  and  has  also 
measured  the  areas  which  rocks  of  these  types  occupy  as  shown  on 
the  geologic  maps  of  the  United  States  Geological  Survey.  He  also 
shows  that  the  mean  composition  of  an  average  granite  combined 
with  that  of  an  average  basalt  is  almost  identical  with  the  average 
given  by  Washington  for  1,811  analyses  of  igneous  rocks  from  all 
parts  of  the  world.  W.  J.  Mead,*  applying  a  peculiar  graphic  method 
to  some  of  Daly's  data,  concludes  that  a  mixture  of  65  per  cent  of 
the  average  granite  with  35  per  cent  of  the  average  basalt  will  have  a 
composition  very  close  to  the  general  average  of  all  igneous  rocks  as 
computed  by  me.  A  similar  result  is  reached  by  F.  Loewinson- 
Lessing,'  who  regards  the  crust  of  the  earth  as  derived  from  two 
fimdamciital  magmas,  one  granitic  and  one  gabbroid.  These  are 
supposed  to  have  existed  in  about  equal  proportions,  and  their  mean 
composition  is  nearly  that  found  for  all  the  igneous  rocks  by  Wash- 
ington and  by  me.  A  still  better  verification  of  these  converging 
conclusions  is  due  to  A.  Knopf,*  who  has  taken  Daly's  averages  for 
the  composition  of  the  individual  rock  types,  weighted  each  one  by 
its  area  as  determined  by  Daly,  and  then  combined  the  values  so 
found  into  a  general  mean. 
The  following  averages  are  now  avaUablo  for  comparison: 

A.  An  average  of  all  the  analyses  of  igneous  rocks,  partial  or  complete,  made  up  to 
October  1,  1918,  in  the  laboratories  of  the  Survey. 

B.  An  average,  computed  by  A.  Harker,"  of  536  analyses  of  igneous  rocks  from 
Britiflh  localities.  Many  of  these  analyses  were  incomplete,  especially  with  respect 
to  phosphorus  and  titanium. 

C.  An  average  of  1,811  analyses,  from  Washington's  tables.®  Calculated  by  H.  8. 
Washington.    The  data  represent  material  from  all  parts  of  the  world. 

D.  The  average  found  by  Knopf. 

Now,  omitting  minor  constituents,  which  rarely  appear  except  in 
the  more  modem  analyses,  these  averages  may  bo  tabulated  together, 
although  they  are  not  absolutely  comparable.  The  comparison 
assumes  the  following  form: 

» Igneoos  rocks  and  their  oligin,  New  York,  1914,  pp.  19-46,  16*- 170.  See  also  his  preliminary  paper, 
Proc.  Am.  Acad.,  vol.  45, 1910,  p.  211. 

« Jour.  Geology,  vol.  22, 1914,  p.  772. 

«Geol.l£a«.,1911,p.248. 

« Joor.  Geology,  vol.  24, 1916,  p.  620. 

ft  Tertiary  igneous  rocks  of  the  Isle  of  Skye:  Mem.  Geol.  Survey  United  Kingdom,  1904,  p.  416.  An 
earliflr  avefage  appears  in  Geol.  Mag.,  1899,  p.  220. 

•  Prof.  Paper  U.  8.  Geol.  Survey  No.  14, 1933,  p.  108.  In  this  average,  and  also  in  Harker's  and  Knopf's, 
there  are  figures  for  manganese,  which  I  leave  temporarily  out  of  account.  On  the  average  composition 
of  Minneeota  rocks  see  F.  F.  Grout,  Science,  vol.  32, 1910,  p.  312. 
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Average,  compotition  of  igneous  rocks. 


SiO. 

AlA 

Fe/), 

Feb 

MgO 

CaO 

Na..O 

K,6 

H^O  at  KK)^. . . . 
H-O  alKve  100^ 

T1O2 

PA 


1 

A 

1 

R 

c 

60.88 

58.98 

58.539 

15.27 

15.  41 

15.796 

2.67 

4.78 

3.354 

3.49 

2.70 

3.874 

3.82 

3.71 

•      3.843 

4.92 

4.83 

5.221 

3.43 

3.18 

3.912 

3.10 

2.77 

3.161 

.49 

\        2.17 

.363 

1.45 

1.428 

.81 

.52 

1.039 

.29 

.21 

.373 

100.62 

99.26 

100.583 

} 


I) 


61.64 
15.71 
2.91 
3.25 
2.97 
5.06 
3.40 
2  65 
1.26 

.73 
.26 


99.84 


Although  these  four  columns  are  not  very  divergent,  they  exhibit 
differences  which  may  be  more  apparent  than  real.  Differences  of 
summation  are  due  partly  to  the  omission  of  minor  constituents^ 
but  the  largest  variations  are  attributable  to  the  water.  In  two 
columns  hygroscopic  water  is  not  distinguished  from  combined 
water;  in  two  a  discrimination  is  made.  By  rejecting  tlie  figures 
for  water  and  recalculating  to  100  per  cent  the  averages  become 
more  nearly  aUke,  as  follows: 

Average  oomposUion  of  igneous  rocks ^  reduced  to  uniformity. 


SiOo.. 

AI2O, 

Feo03 

FeO. 

MgO. 

CaO.. 

Na.O. 

K.6. 

TjO^. 

PA. 


i 
A 

B 

(' 

61.69 

60.76 

58.96 

15.47 

15.87 

15.99 

2.71 

4.92 

3.37 

3.54 

2.78 

3.93 

3.87 

3.82 

3.89 

4.98 

4.97 

5.28 

3.48 

3.28 

3.96 

3.14 

2.85 

3.20 

.82 

.53 

1.05 

.30 

.22 

.37 
100.00 

100.00 

100.00 

I) 


62.52 

15.93 

2.95 

3.30 

3.01 

5.14 

3.45 

2.69 

.74 

.27 


100.00 


Of  these  averages  A  and  C  include  the  largest  number  of  trust- 
worthy analyses.  They  are,  however,  not  strictly  equivalent  in' 
character.  Washington's  average  relates  only  to  analyses  which 
were  nominally  complete  and  made  in  many  laboratories  by  very 
diverse  methods.  My  average  represents  the  homogeneous  work  of 
one  laboratory,  and  includes,  moreover,  many  partial  determinr 
tions.     For  the  simpler  salic  rocks  determinations  of  silica,  lim 
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and  alkalies  are  generally  ail  that  is  needed  for  petrographic  pur- 
poses. The  fomic  rocks  are  mineralogically  more  complex^  and 
for  them  full  analyses  are  necessary.  The  partial  analyses,  there- 
fore, represent  chiefly  salic  rocks,  and  their  inclusion  in  the  average 
tends  to  raise  the  percentage  of  silica  and  to  lower  the  proportions 
of  other  elements.  The  salic  rocks,  however,  are  more  abimdant 
than  those  of  the  other  class,  and  so  the  hi^er  figure  for  silica  seems 
more  probable,  a  supposition  which  is  reinforced  by  Kiiopf's  average. 

This  conclusion  is  also  in  line  with  the  criticisms  of  F.  P.  Men- 
ndl,^  who  thinks  that  the  femic  rocks  received  excessive  wei^t 
in  my  earlier  averages.  Mennell  has  studied  the  rocks  of  southern 
Mrica,  where  gi^anitic  types  are  predominant,  and  believes  that  the 
tnie  average  should  approximate  the  composition  of  a  granite.  His 
criticLsnns  are  entitled  to  serious  consideration,  but  thev  are  not 
absolutely  conclusive.  A  study  of  the  composition  of  river  waters 
originating  in  areas  of  crystalline  rocks  reveals  a  preponderance  of 
calcium  over  alkalies  which  waters  from  purely  granitic  environment 
could  hardly  possess.  Granitoid  rocks,  such,  for  example,  as  quartz 
monzonite,  are  also  abundant,  and  the  average  composition  is  likely 
to  be  near  that  of  a  diorite  or  andesite.-  The  whole  land  surface  of 
the  earth  must  be  taken  into  account  before  the  true  average  can  be 
finallv  ascertained. 

So  far,  the  final  average  has  only  been  partly  given;  the  minor 
constituents  of  the  rocks  remain  to  be  taken  into  account.  In  the 
laboratory  of  the  Geological  Sui'vey  the  analyses  of  igneous  rocks 
have  been  unusually  elaborate,  and  many  things  have  been  deter- 
mined that  are  too  often  ignored.  The  complete  average  is  given 
in  the  next  table,  with  the  nimiber  of  determinations  to  which  each 
figure  corresponds.  In  the  elementary  column  hygroscopic  water 
does  not  appear,  but  an  allowance  is  made  for  a  small  amoimt  of 
iron  which  was  reported  in  the  analyses  as  FeSj.  When  a  'Hrace^' 
of  anything  is  recorded,  it  is  arbitrarily  reckoned  as  0.01  per  cent, 
and  when  a  substance  is  known  to  be  absent  from  a  rock,  bv  actual 
determination  of  the  fact,  it  is  assigned  zero  value  in  making  up  the 
averages.^ 

»  Gcol.  BCag.,  19l>l,  p.  253;  1909,  p.  212.  For  other  discussions  of  the  data  gi\-cn  in  my  former  papers,  see 
t.  De  Launay,  Revue  g6n.  sci.,  Apr.  30, 1934:  aad  C.  Oeksenius,  Zettsdir.  prakt.  Geokgie,  May,  1S9S.  Cozxt- 
porealjo  R.  A.  Daly  (DoU.  U.  S.  Geoi.  Survey  No.  200,  1903,  p.  110),.  who  argues  that  the  universal  or 
foadamental  magma  la  approximately  basaltic. 

^On  Uio  aiean  ataouc  \feight  of  the  earth's  crust,  see  L.  De  Launay,  Compt.  Rend.,  xcH.  150,  1910,  p. 
1379.  See  also  A.  E.  Fersniann  (Bull.  Acad.  St.  Petersburg.  1912,  p.  307)  for  a  calculation  of  the  atomic 
percentages  of  the  more  Important  rock-fanning  al^nents. 

'  In  thi«  table  all  anal jsa  oC  Igneous  racks  made  in  the  laboratory  of  the  Survey  down  to  October  1, 1918, 
ksvebeoB  utflUad. 
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Average  camposilion  of  igneous  rocks  in  detail. 


SiOo. . 

AI2O3. 

FejOs. 

FeO.. 

MgO. 

CaO.. 

Na^O. 

KnO.. 

it;o- 

H5O+ 
TiOo. 
ZrO.;. 
COo". . 

s 

CI... 

F 

BaO.. 

SrO.. 

MnO. 

NiO-. 

CrjO,. 

LioO. 


Number 

of  determi- 

natioQs. 

1,789 

Average. 

Reduced  to 
100  per  cent. 

60.88 

59.83 

1,252 

15.27 

15.02 

1,298 

2.67 

2.62 

1,291 

3.49 

3.43 

1,387 

3.82 

3.74 

1,633 

4.92 

4.83 

1,703 

3.43 

3.37 

1,696 

3.10 

3.05 

965 

.49 

.48 

1,012 

1.45 

1.42 

1,193 

.81 

.79 

399 

.023 

.023 

772 

.50 

.49 

1,179 

.29 

.29 

845 

.10 

.10 

265 

.064 

.063 

112 

.10 

.10 

823 

.104 

.10 

675 

.043 

.043 

1,198 

.10 

.10 

307 

.026 

.026 

303 

.049 

.048 

111 

.026 

.026 

587 

.011 

.011 

101.  766 

100.000 

In  elementar>'  form. 


0. 

Si. 
Al. 
Fe. 
Mg 

Na. 

K. 

H. 

Ti. 

Zr. 

C. 

P.- 

S.. 

c\. 

F.. 

Ba. 

Sr. 

Mn 

Ni. 

Cr. 

V. 

Li. 


47.29 
28.02 
7.9&. 
4.56 
2.29 
3.47 
2.50 
2.47 
.16 
.46 
.017 
.13 
.13 
.10 
.063 
.10 
.003 
.034 
.078 
.020 
.034 
.017 
.004 


100.000 


In  this  computation  tho  figures  for  C,  Zr,  CI,  F,  Ni,  Cr,  and  V  arc 
probably  a  little  too  high.  They  show,  however,  that  these  elements 
exist  in  igneous  rocks  in  determinable  quantities.  Fluorine,  however, 
exists  in  rocks  chiefly  in  the  mineral  apatite,  and  its  proportion  can 
be  determined  with  much  probabiUty  from  the  percentage  of  phos- 
phorus. Computing  from  that  datum,  the  percentage  of  fluorine  be- 
comes only  0.027,  or  little  more  than  one-fourth  of  the  figure  given 
in  the  table.  As  for  carbon,  its  probable  excess  may  be  allowed  to 
stand,  as  a  compensation,  in  our  final  reckoning,  for  the  otherwise 
undeterminable  quantities  represented  by  coal  and  petroleum.  The 
elements  not  included  in  the  calculation  represent  minor  corrections, 
to  be  applied  whenever  the  necessity  for  doing  so  may  arise.  For 
estimates  of  their  probable  amoimts,  the  papers  by  J.  H.  L.  Vogt  ^ 
and  J.  F.  Kemp  *  can  be  consulted.  A  few  more  definite  estimates 
have  been  made  by  Clarke  and  Steiger  ^  from  careful  analyses  of 

»  Zcitschr.  prakt.  Geologic,  1898,  pp.  225,  314,  377,  413;  1899,  pp.  10,  274. 

«  Sdenco,  Jan.  5, 1906;  Econ.  Geology,  vol.  1, 1905,  p.  207.  See  also  a  curious  paper  by  W.  Ackroyd,  in 
Chcm.  News,  vol.  80, 1902,  p.  187.  W.  N.  Uartlcy  and  H.  Ramage  (Jour.  Chcm.  Soc.,  vol.  71, 1897,  p.  633) 
have  shown  that  some  of  the  rarest  elements,  such  as  gallium  and  Indium,  are  widely  diffused  in  rocks  and 
minerals.  W.  Vemadsky  (Chcm.  Zcntralbl.,  vol.  2, 1910,  p.  1775)  has  also  found  that  indium,  thallium, 
gallium,  rubidium,  and  csosium  are  i^ldely  distributed  in  spectroscopic  traces.  Vemadsky  (CentralbL 
Ifin.,  Gool.  u.  Pal.,  1912,  p.  753)  has  also  studied  the  occurrence  of  native  elements  in  the  earth's  orust. 

•Jour.  Washington  Acad.  Sci.,  vol  4,  p.  67,  1914. 
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large  composite  samples  of  rocks  and  clays.  The  average  percent- 
ages are  as  follows:  CuO,  0.0130;  ZnO,  0.0049;  PbO,  0.0022;  AsjO^ 
0.OOO5.  These  figures,  considered  as  orders  of  magnitude,  have  a 
high  d^ree  of  probability.  The  remaining  elements  not  mentioned 
here  nor  in  the  table  can  not  amoimt  to  more  than  0.5  per  cent  alto- 
gether, and  even  that  small  figure  is  likely  to  be  an  overestimate- 
Before  we  can  finally  determine  the  composition  of  the  lithosphere, 
the  sedimentary  rocks  are  to  be  taken  into  account;  and  to  do  this  we 
must  ascertain  their  relative  quantity.  First,  however,  we  may  con- 
sider their  composition,  which  has  been  determined  by  means  of  com- 
posite analyses.  That  is,  instead  of  averaging  analyses,  average 
mixtures  of  many  rocks  were  prepared,^  and  these  were  analyzed  once 
for  all.     The  results  appear  in  the  next  table. 

Composite  analyses  of  sedimentary  rocks. 

A.  Composite  analysis  of  7S  shales;  or,  more  strictly,  the  average  of  two  smaller  composites,  properly 
wdghto<I. 

B.  Composite  analysis  of  253  sandstones. 

C.  Composite  analysis  of  345  limestones. 


8iO,. . 
AI2O,. 
Fe,0,. 
FeO.. 
MgO., 
CaO.. 
Na,0. 


Kfi. 


H,OatllO° 

HJO  above  110**. 

T1O2 

(XX 

PaO, 

8...: 


so, 

a! 

BaO 

SrO 

MnO 

UjO 

C,  oiganic 


58.38 

15.47 

4.03 

2.46 

2.45 

3.12 

1.31 

3.25 

1.34 

3.68 

.65 

2.64 

.17 


.65 


.05 
None. 
Trace. 
Trace. 

.81 


100.46 


B 


78.66 
4.78 
1.08 

.30 
1.17 
5.52 

.45 
1.32 

.31 
a  1.33 

.25 
5.04 

.08 


.07 
Trace. 

.05 
None. 
Trace. 
Trace. 


C 


} 


100.41 


5.19 
.81 
.54 

7.90 

42.61 
.05 
.33 
.21 
0.56 
.06 

41.58 
.04 
.09 
.05 
.02 

None. 

None. 

.05 

Trace. 


100.09 


o  Includes  organic  matter. 

In  attempting  to  compare  these  analyses  with  the  average  composi- 
tion of  the  igneous  rocks,  we  must  remember  that  they  do  not  repre- 
sent definite  substances,  but  mixtures  shading  into  one  another.  The 
average  limestone  contains  some  clay  and  sand;  the  average  shale 

>  Then  mixtures  were  prepared  under  the  direction  of  O.  K.  Gilbert.    The  analyses  were  made  by 
H.  N.  Stokes  in  the  laboratory  of  the  U.  S.  Geological  Survey.    See  Bull.  U.  S.  Oeol.  Sun^i  V5:^,<)QG^c^s*.. 
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contains  some  calcium  carbonate.  Furthermore,  they  do  not  coyer 
all  the  products  derived  from  the  decomposition  of  the  primitive 
rock,  for  the  great  masses  of  sediments  on  the  bottom  of  the  ocean 
are  left  out  of  account.  There  are  also  metamorphic  rocks  to  be 
consider^,  such  as  chloritic  and  talcose  schists,  amphibolites,  and 
serpentines;  although  their  quantities  are  presumably  too  small 
to  seriously  modify  the  final  averages.  They  might,  however,  help 
to  explain  a  deficiency  of  magnesium  which  appears  in  the  sedimen- 
tary analyses.  Partly  on  account  of  these  considerations,  and  partly 
because  the  sedimentary  rocks  contain  water  and  carbon  dioxide 
which  have  been  added  to  the  original  igneous  material,  we  can  not 
recombine  the  composite  analyses  so  as  to  reproduce  exactly  the  com- 
position of  the  primitive  matter.*  To  do  this  it  would  be  necessary 
also  to  allow  for  the  oceanic  salts,  which  represent,  in  part,  at  least, 
losses  from  the  land;  but  that  factor  in  the  problem  is  perhaps 
the  least  embarrassing.  Its  magnitude  is  easily  estimated,  and  it 
gives  a  measure  of  the  extent  to  which  the  igneous  rocks  have  been 
decomposed. 

If  we  assume  that  all  the  sodium  in  the  ocean  was  derived  from 
the  leacliing  of  the  primitive  rocks,  and  that  the  average  composition 
of  the  latter  is  correct  as  stated,  it  is  easy  to  show  that  the  marine 
portion  is  very  nearly  one-tliirtieth  of  that  contained  in  tlie  10-mile 
lithosphere.  That  is,  the  complete  decomposition  of  a  shell  of  igneous 
rock  one-third  of  a  mile  thick  would  yield  all  the  sodium  in  the 
ocean.  Some  sodium,  however,  is  retained  by  the  sediments,  and  the 
analyses  show  that  it  is  about  one-third  of  the  total  amoimt.  That 
is,  the  oceanic  sodium  represents  two-thirds  of  the  decomposition, 
and  the  estimate  must  therefore  be  increased  one-half.  On  this 
basis,  a  rocky  shell  one-half  mile  thick,  completely  enveloping  the 
globe,  would  slightly  exceed  the  amount  needed  to  furnish  the 
sodium  of  the  sea  and  the  sediments. 

In  order  to  make  this  estimate  more  precise,  let  us  consider  the 
detailed  figures.  The  maximum  allowance  for  the  sodium  in  the 
ocean  is  1.14  per  cent.  From  my  average  the  mean  percentage  of 
sodium  in  the  igneous  rocks  is  2.50;  Washington's  figures  give  2.90. 
Now,  putting  the  ocean  at  7  per  cent  and  the  lithosphere  at  93  per 
cent  of  the  known  matter,  the  following  ratios  between  oceanic 
sodium  and  rock  sodium  are  easily  computed:  Clarke,  1:29.8; 
Washington,  1  :33.9.  Hence,  the  sodium  in  the  ocean  corresponds 
to  a  volume  of  igneous  rocks,  according  to  the  first  ratio,  of  54,800,000 
cubic  miles  or,  for  the  second  estimate,  of  48,200,000  cubic  miles. 

Suppose,  however,  that  the  average  analyses  do  not  represent  the 
true  composition  of  the  primitive  lithosphere.     We  may  then  test 

1  For  an  elaborate  attempt  in  ttds  directioo  sec  C  R.  Van  Uis%  A  treatise  on  metamorpbism;  ICoo. 
U.  &  GeoL  Survey,  yoL  47,  pp.  947-1002, 1901.    See  also  W.  X.  Mead,  Jour.  Geology,  vol.  22,  p.  772, 1014 
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our  figures -by  another  assumption,  namely,  that  the  real  average 
lias  sotnewhere  between  two  evident  extremes — the  composition  of 
arhyolite  and  that  of  a  basalt.  In  100  rhyolites,  as  shown  in  Wasli- 
ington's  tables,  the  average  percentage  of  sodium  is  2.58,  while  for 
220  basalts  it  is  2.40.  These  figures  give  ratios  of  1 :  30.1  and  1 :  28.4, 
corresponding  to  rock  volumes  qf  64,200,000  and  57,600,000  cubic 
mQes,  respectively — quantities  of  quite  the  same  order  as  those 
previously  calculated. 

Prom  the  composite  analyses  of  the  sedimentary  rocks  the  cor- 
rectiDn  for  their  retained  sodium  can  he  determined.  This  sodium  is 
chieflyy  but  not  entirely,  in  the  shales,  and  its  amoimt  is  less  than 
1  per  cent,  with  a  probable  value  of  0.90.  This  is  35  per  cent  of  the 
total  sodium  in  the  average  igneous  rock,  and  the  oceanic  sodium 
represents  the  65  per  cent  removed  by  leaching.  Allowing  for  this 
sedimentary  sodium,  the  total  sodium  of  the  ocean  and  of  the  sedi- 
mentary  rocks  is  represented  by  the  ratio  of 

65  :  100  =  54,800,000  :  84,300,000, 

the  last  term  giving  the  number  of  cubic  miles  of  igneous  rock  which 
has  undergone  decomposition.     This  quantity  is  that  of  a  rock  shell 
completely  enveloping  the  globe  and  0.4215  mile,  or  2,225  feet,  thick. 
If  we  accept  the  highest  ratio  of  all,  that  furnished  by  the  average 
basalt,  the  thickness  may  be  raised  to  2,336  feet,  while  Washing- 
ton's data  will  give  a  much  lower  figure.    A  further  allowance  of  10 
perxent,  which  is  excessive,  for  the  increase  in  volume  due  to  oxida- 
tion, carbonation,  and  absorption  of  water  will  raise  the  thickness 
assignable  to  the  sedimentaries  from  2,225  to  2,447  feet,  an  amount 
still  short  of  the  half-mile  estimate.     No  probable  change  in  tlie  com- 
position of  the  lithosphere  can  modify  this  estimate  very  considerably ; 
and  since  the  ocean  may  contain  primitive  sodium,  not  derived  from 
the  rocks,  the  half  mile  must  bo  regarded  as  a  maximum  allowance. 
If  tiie  primeval  rocks  were  richer  in  sodium  than  those  of  the  present 
day,  a  smaller  mass  of  them  would  suffice ;  if  poorer,  more  would  be 
needed  to  accoim tf or  the  salt  in  the  sea.     Of  the  two  suppositions,  the 
former  is  the  more  probable ;  but  neither  assumption  is  necessary.     If, 
however,  we  assume  that  our  igneous  rocks  are  not  altogether  pri- 
mary but  that  some  of  them  represent  re-fused  or  metamorphosed 
sedimentaries,  we  must  conclude  that  they  have  been  partly  leached 
and  have  therefore  lost  sodium.    Tliat  is,  the  original  matter  was 
richer  in  sodium,  and  the  half-mile  estimate  is  consequently  mueh 
too  large. 

Prom  another  point  of  view,  the  thinness  of  the  sediments  can  be 
simply  illustrated.  The  superficial  area  of  the  earth  is  199,712,000 
square  miles,  of  which  55,000,000  are  land.     According  to  Geikie,*  the 

>  Textbook  of  geology,  4th.  cd.,  \'c\.  X,-^.  Vi,  V**»- 
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mean  elevation  of  all  the  continents  is  2^411  feet.  Hence,  if  all  the 
land  now  above  sea  level,  25,000,000  cubic  miles,  were  spread  uni- 
formly over  the  globe,  it  would  form  a  shell  about  660  feet  thick.  If 
we  assume  this  matter  to  be  all  sedimentary,  which  it  certainly  is  not, 
and  add  to  it  any  probable  allowance  for  the  sediments  at  the  bottom 
of  the  sea  we  shall  still  fall  far  short  of  the  half-mile  shell  which,  on 
chemical  evidence,  is  a  maximum.  In  the  following  calculation  this 
maximum  will  be  taken  for  granted. 

The  relative  proportions  of  the  different  sedimentary  rocks  within 
the  half-mile  shell  can  only  be  estimated  approximately.  Such  an 
estimate  is  best  made  by  studying  the  average  igneous  rock  and  deter- 
mining in  what  way  it  can  break  down.  A  statistical  examination  of 
about  700  igneous  rocks,  which  have  been  described  petrographically, 
leads  to  the  followdng  rough  estimate  of  their  mean  mineralogical 
composition : 

Quartz 12. 0 

Feldspars 69. 5 

Hornblende  and  pyroxene 16. 8 

Mica 3.8 

Accessory  minerals 7.9 

100.0 

Tlie  average  limestone  contains  76  per  cent  of  calcium  carbonate, 
and  the  composite  analyses  of  shales  and  sandstones  correspond  to 
the  subjoined  percentages  of  the  component  minerals: 

Average  composition  of  shale  and  sandstone. 


Sandstozie. 


Quartz  o 

Feldspar 

Clay  & 

Limonite 

Carbonates.... 
Other  minerals 


100.0 


a  The  total  percentage  of  free  silica. 

^  Probably  sericite  in  part.    In  that  case  the  feldspar  figure  becomes  lower. 

If,  now,  we  assume  that  all  of  the  igneous  quartz,  12  per  cent,  has 
become  sandstone,  it  will  yield  18  per  cent  of  that  rock,  which  is 
evidently  a  maximum.  Some  quartz  has  remained  in  the  shales. 
One  hundred  parts  of  the  average  igneous  rock  will  form,  on  decom- 
position, less  than  18  parts  of  sandstone. 

The  igneous  rocks  contain,  as  shown  in  the  last  analysis  cited,  4.84 
per  cent  of  lime.  This  would  form  8.65  per  cent  of  calcium  carbon- 
ate, or  11.2  per  cent  of  an  average  limestone.     But  at  least  half  of 
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the  lime  has  remained  in  the  other  sediments,  so  that  its  true  propor- 
tion can  not  reach  6  per  cent,  or  one-third  the  proportion  of  the 
sandstones.  The  remainder  of  the  igneous  material,  plus  some  water 
and  minus  oceanic  sodium,  has  formed  the  siliceous  residues  which 
are  grouped  under  the  vague  title  of  shale.  Broadly,  then,  we  may 
estimate  that  the  lithosphere,  within  the  limits  assimied  in  this  mem- 
oir, contains  95  per  cent  of  igneous  rock  and  5  per  cent  of  sedimen- 
taries.  If  'we  assign  4.0  per  cent  to  the  shales,  0.75  per  cent  to  the 
sandstones,  and  0.25  per  cent  to  the  limestones,  we  shall  come  as  near 
the  truth  as  is  possible  with  the  present  data.^  On  this  basis,  the 
average  composition  of  the  lithosphere  may  be  summed  up  as  shown 
in  the  following  table.  The  analyses  of  the  sedimentary  rocks  are 
recalculated  to  100  per  cent. 

Average  composition  of  the  lithosphere. 


SiO,. . 
ALO3. 

FeO.. 
MgO. 
CaC 
NaJO. 

H,0.. 
TiO,. 
ZiOj. 
CO,.. 

PA- 

s 


SO... 
CI.  .. 
F.... 
BaO. 
SrO.. 
MnO 
NiO. 

CrA- 


Igneous 
1^5  pjr 


oen' 


59.83 

15.02 

2.62 

3.43 

3.74 

4.83 

3.37 

3.05 

1.90 

.79 

.023 

.49 

.29 

.10 


.063 

.10 

.10 

.043 

.10 

.026 

.048 

.026 

.011 


100.000 


Shale  (4  per 
cent). 


58.10 
15.40 
4.02 
2.45 
2.44 
3.11 
1.30 
3.24 
5.00 
.65 


2.63 
.17 


.64 


.05 


.80 


100.00 


Sandstone 

(0.75  per 

cent). 


78.33 
4.77 
1.07 

.30 
1.16 
5.50 

.45 
1.31 
1.63 

.25 


5.03 
.08 


.07 


.05 


100.00 


Lime<>tone 

(0.25  per 

cent). 


5.19 
.81 
.54 


7.89 

42.57 

.05 

.33 

.77 
.06 


41.54 
.0-1 
.09 
.05 
.02 


.05 


100.00 


Weighted 
average. 


59.77 

14.89 

2.69 

3.39 

3.74 

4.86 

3.25 

2.98 

2.02 

.77 

.02 

.70 

.28 

.10 

.03 

.06 

.09 

.09 

.04 

.09 

.025 

.05 

.025 

.01 

.03 


100.00 


The  final  average  differs  from  that  of  the  igneous  rocks  alone  only 
within  the  limits  of  imcertainty  due  to  experimental  errors  and  to  the 

>C.  R.  Van  Else  (A  treatlae  on  metamorphism:  Mon.  U.  S.  Geol.  Survey,  vol.  47, 1904,  p.  940)  divides 
UMMdimenlaiy  rooks  into  65  per  cent  shales,  including  all  pelites  and  psephites,  30  per  cent  sandstones, 
and  i  9«  oent  limostones.  W.  J.  Mead  (Jour.  Geology,  vol.  15, 1907,  p.  238),  by  a  graphic  process,  dis- 
tffbatw  the  aedimentarles  into  80  per  oent  shales,  ll  per  cent  sandstones,  and  9  per  cent  limestones.  In  a 
hkVm  p^pcr  (Jour.  Geology,  toL  22,  p.  772, 1914)  Mead  modifies  this  estimate  somewhat. 

IISTO)*— la— Bull.  695 3 
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ajasumptions  mode  as  to  tlie  reWtive  proportions  of  the  sedimentaries. 
The  values  chosen  for  the  sediments  are  approxiixubtions  only,  and 
nothing  more  can  be  claimed  for  them.  They  seem  to  be  near 
the  truth — as  near  as  we  can  approach  with  data  which  are  necessarily 
imperfect — and  so  they  may  be  allowed  to  stand  without  further 
emendation. 

In  the  preceding  table  the  hygroscopic  water  of  the  igneous  rocks 
is  taken  into  account,  but  so  far  the  underground  waters  have  been 
neglected.  For  this  omission  the  hygroscopic  water  may  partly 
compensate,  but  the  subject  demands  a  little  closer  attention. 
Extravagant  estirnates  of  the  quantity  of  underground  water  have 
been  made,  based  upon  the  fact  that  all  rocks  are  more  or  less  porous.* 
Van  Ilise,  however,  claims  that  the  pore  spaces  below  a  depth  of  6 
miles  are  probably  closed  by  the  pressure  of  the  superincumbent 
strata;  a  consideration  which  must  not  be  ignored.  Van  Ilise 
estimates  the  volume  of  the  underground  waters  to  a  depth  of  10,000 
meters  as  equal  to  that  of  a  sheet  covering  the  continental  areas  69 
meters  or  226  feet  deep.  Puller^s  estimate  is  more  complete,  for  it 
involves  a  discussion  of  the  relative  quantities  and  average  porosities 
of  the  sedimentary  and  igneous  rocks,  and  he  concludes  that  the 
volume  of  subterranean  water  is  about  one  one-hundredth  that  of 
the  ocean.  These  conclusions  require  some  modification;  for 
Adams,  by  experiments  upon  the  compression  of  granite,  has  shown 
that  porosity  may  exist  to  a  depth  of  at  least  11  miles.  In  any  case 
the  quantity  of  water  is  negligible,  for,  added  to  the  volmne  of  the 
hydrosphere  it  would  not  appreciably  affect  the  final  computation. 
The  i)roportion  of  water  in  kno%vn  terrestrial  matter  would  be  in- 
creased by  less  than  0.1  per  cent. 

With  the  data  now  before  us  we  are  in  a  position  to  compute  the 
relative  abundance  of  the  chemical  elements  in  all  known  terrestrial 
matter.  For  this  purpose,  the  composition  of  the  lithosphere  is 
restated  in  elementary  form,  with  an  arbitrary'  allowance  of  0.5  per 
cent  for  all  the  elements  not  specifically  named.  As  for  the  atmos- 
phere, 0.03  per  cent,  it  is  represented  in  the  final  results  as  if  it  were 
all  nitrogen;  an  exaggeration  which  allows  for  the  traces  of  nitrogen, 
rarely  detcmimed,  that  are  present  in  the  rocks.*     The  mean  com- 

»  Soo  A.  Dolosso,  Bull.  Soc.  g(?ol.  France,  vol.  29, 1861,  p.  64;  J.  1).  Dana,  Manual  of  goolog>',4th  cd.,  1805, 
p.  209;  W.  B.  Greenlee.  Am.  Geologist,  vol.  18,  1806,  p.  33;  O.  Keller,  Annales  dos  irJncs.  9th  ser.,  vol. 
12,  ISO",  p.  32;  C.  S.  SUchtor,  Water-Supply  Paj)er  U.  S.  Geol.  Survey  No.  07,  1902,  p.  11;  T.  C.  Cham- 
berlin  and  R.  D.  Salisbury,  Geology,  vol.  1,  lOM,  p.  200;  C.  R.  Van  Hlse,  A  treatise  on  metamorphism: 
Mon.  U.  S.  Geol.  Survey,  vol.  47,  1904,  p.  129;  M.  L.  Fuller,  Water-Supply  Taper  U.  S.  Geol.  Survey 
No.  100, 1906,  p.  53;  F.  D.  Adams,  Jour.  Geology,  vol.  20, 1912,  p.  97.  See  also  an  address  hy  J.  F.  Kemp 
Trans.  Am.  Inst.  Min.  Eng.,  vol.  14, 1914,  p.  3. 

« See  A.  D.  Hall  and  N.  J.  II.  Milkr  (Jour.  Agr.  Set.,  vol.  2,  p.  343)  on  nitrogen  in  unweathered  sec 
meotary  rocks.  FTom  O.W  to  0.107  per  cent  was  found.  H.  Erdmann  ( Ber.  Deatsch.  cltera.  Qesell.,  vot  S 
18BG,  p.  1710)  found  traces  cf  nitrogen  in  80v<val  rare  minerals  trom  pegmatite.  In  a  later  paper,  in  Ai%«lti 
anf  den  Gebieten  dor  Gross-Gasindustric,  No.  1, 1900,  Erdmson  computes  that  each  square  meter  of  lam 
to  a  depth  of  15  l:iloraotors,  contains  5  metric  tons  cf  nitrogen.  The  total  amount  cf  nitrrgen  in  the  loel 
is  much  less  than  that  in  the  atmosphere  alone. 
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position  of  the  lithosphero,  the  hydrosphere,  and  the  atmosphere, 
then,  is  as  follows: 

Average  composiiion  of  known  terrestrial  matter. 


lithosphtire, 
93  ];>er  cent. 


Oxygen... 
Smcon. . .  . 
Alominuin. 

Iron 

OBlctoin. . 


QBium 
urn ... . 


Potaiil^um 

H;fdrogen 

Titanium 

Carbon 

Chlorine 

Bromine 

PhosphoruB 

Sulphur 

Banum 

Mto^oiese 

Steontium 

Xitic^en 

Fluonnc 

All  other  elenientB 


47.33 

27.74 

7.86 

4.50 

3.47 

2.24 

2.46 

2.46 

.22 

.46 

.19 

.06 


.12 
.12 
.08 
.08 
.02 


.10 
.50 


100.00 


Hydrosphere, 
7  per  cent. 


85.79 


.05 

.14 

1.14 

.04 

10.67 


.002 
2.07 
.008  I 


.09 


Aven^,  in- 
cluding atmos- 
phere. 


50.02 

25.80 

7.30 

4.18 

3.22 

2.08 

2.36 

2.28 

.95 

.43 

.18 

.20 


.11 
.11 
.08 
.08 
.02 
.03 
.10 
.47 


ICO.  000 


100.00 


The  briefest  scrutiny  of  the  foregoing  tables  will  show  that  in 
the  lithosphero  the  lighter  elements  predominate  over  the  heavier. 
All  the  abundant  elements  fall  at  or  below  atomic  weight  56,  and 
above  that,  in  the  analysis  given  on  page  28,  only  nickel,  zirconium, 
strontium,  and  barium  appear.  The  heavy  metals,  as  a  rule,  occur 
m  apparently  trivial  quantities.  Since,  however,  the  mean  density 
of  the  earth  is  about  double  that  of  the  rocks  at  its  surface,  it  has 
sometimes  been  supposed  that  the  heavier  substances  may  be  con- 
centrated in  its  interior,  a  supposition  which  is  possibly  true,  but 
unprovable.  If  the  globe  is  similar  in  constitution  to  a  meteorite,  we 
should  expect  iron  and  nickel  to  be  abundant  in  its  mass  as  a  whole; 
bnt  this,  after  all,  is  nothing  more  than  a  suspicion.  One  fact,  only 
seenois  to  shed  a  clear  light  upon  the  problem.  A  mixture  of  all  the 
elements,  in  equal  proportions  by  weight  and  in  the  free  state, 
would  have  a  density  greater  than  that  of  the  earth.  Combination 
would  increase  the  density  of  the  mixture,  and  the  effect  of  internal 
pressure  would  make  it  greater  still.  It  is  therefore  plain  that  in 
the  earth  as  a  whole,  whatever  may  be  the  composition  or  condition 
rf  it^  interior,  the  lighter  elements  are  more  abimdant  than  the 
denser.  Thus  far  wc  can  go,  but  no  farther.  Of  the  actual  propor- 
tions we  kuow  notl4ug. 
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THE  PERIODIC   CLASSIFICATION. 

Although  the  chemical  elements  are  analytically  distinct,  they  are 
by  no  means  mirelated.  On  the  contrary,  they  fall  into  a  number  of 
natural  groups;  and  within  each  one  of  these  the  members  not  only 
form  similar  compotmds,  but  also  exhibit,  as  a  rule,  a  regular  grada- 
tion of  properties.  This  relationship  has  led  to  an  important  gen- 
eralization— the  periodic  law,  or,  more  precisely,  the  periodic  classi- 
fication of  the  elements — and  in  its  light  some  of  their  associations 
become  extremely  suggestive. 

When  the  elements  are  tabulated  in  the  order  of  their  atomic 
weights,  the  periodicity  shown  in  the  following  scheme  at  once  be- 
comes evident.  The  metals  of  the  rare  earths,  with  atomic  weights 
between  those  of  cerium  and  tantalimi,  are  omitted,  because  of 
uncertainties  as  to  their  true  relation. 
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In  each  vertical  column  the  elements  are  closely  allied,  forming 
the  natm-al  groups  to  which  reference  has  already  been  made.  The 
alkaline  metals;  the  series  calcium,  strontium,  and  barium;  the  car- 
bon group,  and  the  halogens  are  examples  of  this  regularity.  In 
other  words,  similar  elements  appear  at  regular  intervals  and  occupy 
similar  places.  If  we  follow  any  horizontal  line  of  the  table  from 
left  to  right,  a  progressive  change  of  valency  is  shown,  and  in  both 
directions  a  systematic  variation  of  properties  is  manifested.  Broadly 
stated,  the  properties  of  the  elements,  chemical  and  physical,  are 
periodic  fimctions  of  their  atomic  weights,  and  this  is  the  most  gen- 
eral expression  of  the  periodic  law.  At  certain  points  in  the  table 
gaps  are  left,  and  these  are  beUeved  to  correspond  to  unknown  ele- 
ments. For  three  of  the  spaces  which  were  vacant  when  Mendd^ef 
annoimced  the  law,  he  ventured  to  make  specific  predictions,  and  his 
prophecies  have  been  verified.  The  elements  scandium,  gallium,  and 
germanium  were  described  bj'  him  in  advance  of  their  actual  dis- 
covery, and  in  every  essential  particular  his  predictions  were,  correct. 
Atomic  weights,  densities,  melting  points,  and  the  character  of  the 
compounds  which  the  metals  should  form  were  foretold,  and  in  each 
case  with  a  remarkable  approximation  to  accuracy.  This  power  of 
prevision  is  characteristic  of  all  valid  generalizations,  and  its  exhi- 
bition in  the  periodic  system  led  to  the  speedy  adoption  of  the  latter. 
Even  radium  and  its  emanation,  niton,  fall  into  their  proper  places 
in  line  with  their  near  relatives,  barium  and  argon. 

An  elaborate  discussion  of  the  periodic  law  would  be  out  of  place 
in  a  memoir  of  this  kind,  and  its  details  must  be  sought  elsewhere.* 
Only  its  application  to  geochemistry  can  be  considered  now.  In  the 
first  place,  on  looking  at  the  table  vertically  it  is  noticeable  that 
members  of  the  same  elementary  group  are  commonly  associated  in 
natm^e.  That  is,  similar  elements  have  similar  properties,  form 
similar  compounds,  and  give  similar  reactions,  and  because  of  the 
conditions  last  mentioned  they  are  usually  deposited  together.  Thus 
the  platinum  metals  are  seldom  found  apart  from  one  another;  the 
rare  earths  are  invariably  associated;  chlorine,  bromine,  and  iodine 
occiu"  under  closely  analogous  circumstances;  selenium  is  obtained 
from  native  sulphur;  cadmium  is  extracted  from  ores  of  zinc,  and 
so  on  through  a  long  list  of  regularities.  The  group  relations  govern 
many  of  the  associations  which  we  actually  observe,  although  they 
are  modified  by  the  conditions  which  influence  chemical  union.  Even 
here,  however,  regularities  are  still  apparent.  In  combination  unlike 
elements  seek  one  another,  and  yet  there  appears  to  be  a  preference 

1  Sec  especially  F.  P.  Vonable,  Development  of  the  pci  iodic  law,  Easton,  Pennsylvania,  1S9C.  The  larger 
manuals  of  chemistry  all  discuss  the  law  somewhat  fully.  T.  Camcllcy  (Ber.  Deutsch.  chem.  (i«^U., 
vol.  17,  ISS4,  p.  2287)  has  especially  studied  the  bearings  of  tho  periodic  law  on  tho  occurrence  of  the  elements 
in  nature. 
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{(ff  neighbors  rather  than  for  substances  that  are  more  remote.  For 
example,  silicon  f oUowb  aluminum  in  the  order  of  atomic  wei^ts, 
and  silicates  of  aluminum  are  by  far  the  most  abundant  minerals. 
ll^  next  element  in  order  is  phosphorus,  and  aluminum  phosphates 
are  more  common  and  more  numerous  than  the  precisely  similar  arse- 
nates. On  the  other  hand,  copper,  whose  atomic  weight  is  nearer 
that  of  arsenic,  oftener  forms  arsenates,  although  its  phosphates  are 
also  knoi^m.  An  even  more  striking  example  is  furnished  by  the 
compounds  of  the  elementary  series  oxygen,  sulphiu:,  selenixmi,  and 
tellurium.  Oxides  and  oxidized  salts  of  many  elements  are  f oimd  in 
the  mineral  kingdom,  and  most  commonly  of  metals  having  low 
atomic  weights.  From  manganese  and  iron  upward,  sulphides  are 
abundant;  but  selenium  and  tellurium  are  more  often  imited  with 
the  heavier  metals  silver,  mercury,  lead,  or  bismuth,  and  tellurium 
with  gold.  The  elements  of  high  atomic  weight  appear  to  seek  one 
another,  a  tendency  which  is  indicated  in  many  directions,  even 
though  it  can  not  be  stated  in  the  form  of  a  precise  law.  The  general 
rule  is  evident,  but  its  significance  is  not  so  clear. 

We  have  already  seen  that  the  most  abundant  elements  are  among 
those  of  relatively  low  atomic  weight,  and  this  observation  may  be 
Yoified  still  further.     In  general,  with  some  exceptions,  the  abun- 
dance of  an  element  within  a  group  depends  on  its  atomic  weight, 
but  not  in  a  distinctly  regular  manner.     For  instance,  in  the  alkaline 
series,  lithium  is  widely  diffused  in  small  quantities,  sodium  and  potas- 
sium are  very  abundant,  rubidixmi  is  scarce,  and  csesium  is  the  rarest 
of  all.     The  same  rule  holds  in  the  tetrad  group — carbon,  siUcon, 
titanium,  zirconitun,  and  thorium;  and  in  the  halogens — fluorine, 
chlorine,  bromine,  and  iodine.    In  each  of  these  series  the  abundance 
increases  froitL  the  first  to  the  second  member  and  then  diminishes 
to  the  end.     In  the  oxygen  group,  however,  the  first  member  is  much 
the  most  abundant  and  after  that  a  steady  decrease  to  tellm-ium  is 
shown.     An  exception  to  the  rule  is  found  in  the  metals  of  the  alka- 
Une  earths,  for  strontiimi  is  less  abundant  than  barium,  at  least  so  far 
as  our  evidence  now  goes.     Other  exceptions  also  seem  to  exist,  but 
they  are  possibly  apparent  and  not  real.     In  the  light  of  better  data 
than  we  now  possess  the  anomalies  may  disappear.     Here  again  wc 
are  dealing  with  an  evident  tendency  of  which  the  meaning  is  yet 
to  be  discovered.     That  the  abimdance  and  associations  of  the  ele- 
ments are  connected  with  their  position  in  the  periodic  system  seems, 
however,  to  be  clear.     The  coincidences  are  many,  the  exceptions  arc 
comparatively  few.^ 

So  much  for  the  chemical  side  of  the  question.     On  the  geological 
sid&  other  considerations  must  bo  taken  into  account,  and  it  is  easily 

i  In  an  iatorestiiig  memoir  W.  D.  liarkins  (Jotir.  Am.  Chcm.  Toe,  vol.  39,  p.  S57, 1917)  has  discussed  the 
idaUonsof  the  elements  to  tbo  periodic  law  as  tu  tlicir  abiindaucc  aud  V.\:\s^Vt  (r<Q\vs\.SKt'o^. 
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seen  that  the  periodic  law  covers  only  a  part  of  the  elementary  asso- 
ciations. Rocks  are  formed  from  magmas  in  which  many  and  com- 
plex reactions  are  possible,  and  the  simpler  rules  governing  single 
minerals  are  no  longer  directly  applicable.  Some  regularities,  how- 
ever, can  be  recognized,  and  certain  elements  are  in  a  sense  character- 
istic of  certain  kinds  of  rock.  In  the  simmiary  already  given  some  of 
these  regularities  are  indicated.  They  have  been  generalized  by 
J.  H.  L.  Vogt  ^  somewhat  as  follows:  In  the  highly  siliceous  rocfa 
we  find  the  largest  proportions  of  the  alkaUes,  of  the  rare  earths,  and 
of  the  elements  glucinum,  tungsten,  molybdenum,  uranium,  colum- 
bium,  tantalum,  tin,  zirconium,  thorium,  boron,  and  fluorine.  The 
rocks  low  in  silica  are  richer  in  the  alkaline  earths,  and  in  magne- 
sium, iron,  manganese,  chromium,  nickel,  cobalt,  vanadium,  titanium, 
phosphorus,  sulphur,  chlorine,  and  the  platinum  metals.  To  some 
extent,  of  com^e,  these  groups  overlap,  for  between  the  two  rock 
classes  no  definite  line  can  be  drawn.  But  the  minerals  of  the  rare 
earths,  with  the  columbo-tantalates,  tinstone,  beryl,  etc.,  seldom  if 
ever  occur  except  in  rocks  which  approach  the  granites  in  general 
composition;  whereas  cliromium,  nickel,  and  the  platinum  metals  are 
most  commonly  associated  with  peridotites  or  serpentines.  For  these 
differences  in  distribution  no  complete  explanation  is  at  hand;  but 
they  are  probably  due  to  differences  of  solubility.  If  we  conceive  of 
a  mediosilicic  magma  in  process  of  differentiation  into  a  salic  and  a 
femic  portion,  the  minor  constituents  will  evidently  tend  to  con- 
centrate, each  in  the  magmatic  fraction  in  which  it  is  most  soluble. 
SolubiUties  of  this  order  are  yet  to  be  experimentally  studied. 

METEORITES. 

The  supposed  analogy  between  the  earth  as  a  whole  and  an  enor- 
mous meteorite  has  already  been  mentioned.  A  brief  statement  of 
the  chemical  nature  of  meteorites  is  therefore  not  out  of  place  here. 
All  known  meteorites  may  be  divided  into  three  classes — iron  meteor- 
ites, stony  meteorites,  and  carbonaceous  meteorites.  The  last  class, 
so  far  as  direct  observation  goes,  is  very  small,  and  need  not  be  con- 
sidered further.  It  is  possible  that  carbonaceous  meteorites  may  be 
numerous  but  conmionly  consumed  before  reaching  the  surface  of  the 
earth,  a  supposition,  however,  which  can  only  be  entertained  as  a 
speculation.  The  two  principal  classes  of  meteorites  merge  into  one 
another,  so  that  we  have  irons,  stones,  and  all  sorts  of  intermedial 
mixtures.  The  irons  consist  mainly  of  iron  and  nickel,  with  variabl 
and  minor  admixtures  of  graphite,  schreibersite,  troiUte,  etc.     Th< 

1  Zdtschr.  prakt.  Ooologie,  189S,  p.  324.    H.  S.  Washington  (Trans.  Am.  Inst.  Mln.  Eng.,  vol.  9iL  VM 
p.  735)  has  made  a  rather  elaborate  study  of  the  distribution  of  the  commoner  elements  with  reference  * 
the  different  magmas.    In  Proc.  Nat.  Acad.  Sci.,  vol.  1,  1915,  p.  574,  he  points  out  a  correlation  betwf 
K  and  Mg  and  betwrnm  Na  and  Fe  In  igneous  rocks. 
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terrestrial  nickel-iron  of  Ovifak  in  Greenland  resembles  meteoric  iron 
in  every  essential  particular.  It  is,  therefore,  often  mentioned,  as 
possibly  typical  of  the  material  which  forms  the  centrosphere. 

The  stony  meteorites  almost  if  not  quite  invariably  contain  dis- 
seminated particles  of  nickel-iron,  but  otherwise  are  analogous  to 
rocks  found  on  the  surface  of  the  earth.  They  are,  however,  not  like 
the  predominant  rocks  of  the  lithosphere.  Their  average  composi- 
tion has  been  calculated  by  G.  P.  Merrill  ^  from  99  published  analyses 
of  stony  meteorites,  with  the  subjoined  results.  The  first  colunm  of 
figures  gives  the  actual  average;  the  second  is  recalculated  to  100  per 
cent  after  rejecting  the  admixed  nickel-iron,  sulphides,  and  phosphides. 

Average  compontion  of  stony  meteorites. 


KO. 

Ai;5,.... 

Fe 

FeO 

CaO 

MgO 

Nap.... 

MnO 

Chiomite 
Ni,  Co. . 

S 

P 


Found. 


38.98 

2.75 

11.61 

16.54 

1.77 

23.03 

.95 

-.33 

.56 

.84 

1.32 

1.85 

.11 


Recalculated. 


45.46 
3.21 


19.29 

2.06 

26.86 

1.11 

.38 

.65 

.98 


100.00 


From  this  computation  it  appears  that  the  stony  meteorites  have 
essentially  the  composition  of  a  peridotite  and  are  quite  unhke  the 
rocks  which  make  up  the  great  mass  of  the  Hthosphere.  If,  therefore, 
the  earth  was  formed  by  an  aggregation  of  meteors,  as  some  writers 
have  supposed,  their  average  character  was  probably  not  that  of 
the  meteorites  known  to-day.  Quartz  and  feldspars  are  the  most 
abundant  minerals  of  the  Uthosphere  as  we  know  it,  but  are  ahnost 
wanting  in  the  meteorites.  A  nucleus  of  iron  with  a  stony  crust 
could  hardly  be  formed  by  any  clashing  together  of  innumerable 
meteoritic  bodies;  if  the  earth  is  analogous  to  them  it  can  only  be  as  an 
independent,  individual  meteorite  of  quite  dissimilar  composition.' 

1  Am,  Joar.  Scl..  4th  ser.,  vol.  27,  1909,  p.  469.  See  also  W.  A.  Wahl,  Zdtschr.  anorg.  Chemie,  vol.  69, 
mo,  p.  82,  and  O.  C.  Ptorizigton,  Field  Columbian  Museum  Publication  151, 1911. 

^  FW  a  cntioal  diseiusioa  of  hypotheses  relative  to  the  nature  and  temperature  of  the  centrosphere  see 
B.  TUene,  TemiMntor  und  Zustand  des  Erdinnem,  Jena,  1907.  Thiene  gives  many  references  to  litera- 
ture. SeealaoE.  H.  L.Sehwarz,  South  African  Jour.  Scl.,  April,  1910.  Schwarz  advocates  a  solid  nucleus 
«f  tht  earth  and  assigas  to  it  a  low  temperature. 


CHAPTER  11. 

THE  ATMOSPHERE. 


COMPOSITION  OF  THE  ATMOSPHERE. 

The  outer  gaseous  envelope  of  our  globe — the  atmosphere — ^is 
commonly  regarded  as  rather  simple  in  its  constitution,  and  indeed 
so  it  is,  in  comparison  with  the  complexity  of  the  ocean  and  the  solid 
rocks  beneath.  Broadly  considered,  it  consists  of  three  chief  con- 
stituents— namely,  oxygen,  nitrogen,  and  argon — commingled  with 
various  other  substances  in  relatively  small  amounts,  which  may  be 
classed,  with  some  exceptions,  as  impurities.  The  three  essential 
elements  of  air  are  mixed,  but  not  combined;  and  they  vary  but 
little  in  their  proportions.  They  constitute  what  may  be  called 
normal  or  average  air.  I  am  indebted  to  the  late  Sir  William  Ram- 
say for  the  follo>ving  percentage  estimate  of  their  relative  quantities: 

•       The  principal  comtituents  o]  the  atmosphere. 


Oxygen. 
Nitrogen 
Argon... 


By  weight. 


23.  024 

75.  539 

1.437 


By  volume. 


20.  941 

78. 122 

.937 


100.000 


100.000 


With  the  argon  occur  certain  rare  gases  whose  proportions  Ramsay 
estimates  as  follows:* 

Per  cent  by  volume. 

Krypton 0.028 

Xenon 005 

Helium 0004 

Neon 00123 

These  gases,  with  argon,  are  absolutely  inert;  and  as  they  seem  to 
have  little  geological  significance  they  demand  no  further  considera- 
tion here.  Helium,  as  the  end  product  of  radioactive  changes,  will 
demand  some  attention  later. 

In  addition  to  the  elements  enumerated  above,  ordinary  air  con- 
tains, in  varying  quantities,  aqueous  yapor,  hydrogen  dioxide,  ozone, 

1  Proc.  Roy.  Soc,  voL  80A,  1906,  p.  599.  See  also  papers  by  G.  Claude,  Compt.  Rend.,  voL  148rl90D^ 
p.  1454,  and  H.  E.  Watson,  Jour.  Chem.  Soc,  vol.  97, 1910,  p.  810.  A.  Wegener  (Zeitschr.  anorg.  Chfimie, 
vol.  75, 1912,  p.  107)  gives  an  estimate  of  the  composition  of  the  atmosphere,  including  its  minor  constituents. 
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carbon  diox^ae,  ammonia  and  other  compounds  of  nitrogen,  some- 
times  sulphur,  traces  of  hydrogen,  oi^anic  matter,  and  suspended 
solids;  and  among  these  substances  some  of  the  most  active  agents 
in  producing  geological  changes  are  found.  It  will  be  advantageous 
k)  consider  them  separately  and  somewhat  in  detail ;  and  in  so  doing 
we  shall  see  that  they  all  form  part  of  a  great  system  of  circulation 
in  which  the  atmosphere  is  adding  matter  to  the  solid  globe  and 
receiving  matter  from  it  in  return.  Between  these  gains  and  losses 
no  balance  can  be  struck,  and  yet  certain  tendencies  appear  to  be 
distinctly  manifested. 

In  a  roughly  approximate  way  it  is  often  said  that  air  consists  of 
four-fifths  nitrogen  and  one-fifth  oxygen,  and  this  is  nearly  true. 
The  proportions  of  the  two  gases  are  almost  constant  but  not  abso- 
lutely so ;  for  the  innumerable  analyses  of  air  reveal  variations  larger 
than  can  be  ascribed  to  experimental  errors.  A  few  of  the  better 
determinations  are  given  in  the  subjoined  tabic,  stated  in  percentages 
by  volume  of  oxygen.  They  refer,  of  course,  to  air  dried  and  freed 
from  all  extraneous  substances. 

Determinations  of  oxygen  in  air,  in  percentage  by  volume. 


Analyst. 

1 

liocolity  of  samples. 

Number 

of 
analyses. 

I         -     .. 

100 
28 
32 
34 

45 
46 
41 
28 
20 

45 
212 

Minimum. 

Maidmum. 

Mean. 

V.  Regnaultfl 

R.  W.  Bunsen  « 

Paris 

20.913 
20.840 
20.78 
20.80 

20.901 
20.877 

20.999 
20.970 
21.02 
21.18 

20.939 
20.  971 
21.00 

20.960 

Heidelbenr 

20.924 

R.  Angus  Smith  a . . . 
Do 

U.  Kreusler  & 

^lanchentcr 

Mountains  of  Scot- 
land. 
Near  Bonn 

20.  943 
20.  970 

20.  922 

W.  Hempel  c 

Do.  5 

Dresden 

20.930 

Tromsoo 

20.92 

Do 

Para 

20.86 
20.72 

20.90 

20.89 

A.   Muntz    and    E. 

Oape  Horn 

'26.'97*' 
20.95 

20.864 

Aubin.< 

?..  W.  Morley  / 

F.  G.  Benedict  9 

Cleveland,  Ohio 

Boston 

20.  93;j 
20.  952 

1 

•  See  R.  An^us  Smith's  exoellont  1)ook  Air  and  rain,  London,  1872.  This  work  contains  hundreds  of 
ether  analyses. 

»  Ber.  Deutscli.  chem.  Oesell.,  vol.  20, 1887,  p.  991. 

t  Idem,  vol.  18, 1885,  p.  1800. 

'Idem,  vol.  »,  1887,  p.  18M. 

'Compt.  Rend.,  vol.  102, 1886,  p.  422. 

^  Cited  by  Hempel  in  Ber.  Deulsch.  cbem.  CSeselL,  vol.  20, 1887,  p.  18&4. 

9  Carnegie  Inst.  Washington  Publication  No.  166,  1912.  Benedict  gives  a  very  complete  summary  of 
earlia  investigations. 

Some  of  these  variations  are  doubtless  duo  to  different  methods 
of  determination^  but  others  can  not  be  so  int<5rpreted.  Hempel, 
oomparing  his  analyses  of  air  from  Tromsoc,  Norway,  and  Para, 
Bnzil,  infers  that  the  atmosphere  is  shghtly  richer  in  oxygen  near 
th^'poles  than  at  the  equator,  an  inference  that  would  seem  to  need 
additional  data  before  it  can  be  regarded  as  established.     The  mo^t 
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significant  variation  of  all,  however,  has  been  pointed  out  by  E.  W. 
Morloy.*  As  oxygen  is  heavier  than  nitrogen,  it  has  been  supposed 
that  the  upper  regions  of  the  atmosphere  should  show  a  small  defi- 
ciency in  o*xygen,  as  compared  with  air  from  lower  levels;  although 
analyses  of  samples  collected  on  mountain  tops  and  from  balloons 
have  not  borne  out  this  suspicion.  It  is  also  supposed  that  severe 
depressions  of  temperature,  the  so-called  "cold  waves,"  are  con- 
nected with  descents  of  air  from  very  great  elevations.  Morley's 
analyses,  conducted  daily  from  January,  1880,  to  April,  1881,  at 
Hudson,  Oliio,  sustain  this  behef.  Every  cold  wave  was  attended  by 
a  deficiency  of  oxygen,  the  determinations,  by  volume,  ranging  from 
20.867  to  21.006  per  cent,  a  difference  far  greater  than  could  bo 
attributed  to  errors  of  measurement.  Air  taken  at  the  surface  of 
the  earth  seems  to  show  a  very  small  concentration  of  the  denser 
gas,  oxygen. 

By  electrical  discharges  in  the  atmosphere  some  oxygen  is  probably  ' 
converted  into  its  allotropic  modification,  ozone,  although  this  point 
has  been  questioned.  Hydrogen  dioxide  is  formed  in  the  same  way, 
and  also  oxides  of  nitrogen,  and  between  these  substances,  in  minute 
traces,  it  is  not  easy  to  discriminate.  They  all  act  upon  the  usual 
reagent,  iodized  starch  paper,  and  therefore  the  identification  of 
ozone  remains  somewhat  uncertain,  at  least  so  far  as  ordinary  chemi- 
cal tests  have  gone.  It  is  known,  however,  that  the  ultra-violet  rays 
in  the  solar  radiations  so  act  upon  cold  dry  oxygen  as  to  .convert 
part  of  it  into  ozone.  This  apparently  takes  place  in  the  upper, 
drier,  and  rarefied  strata  of  the  atmospheie,  as  shown  by  absorption 
bands  in  the  solar  spectrum.*  Both  ozone  and  hydrogen  dioxide  are 
powerful  oxidizing  agents,  and  either  or  both  of  them  play  some  part 
in  transforming  organic  matter  suspended  in  the  air  into  carbon 
dioxide,  water,  and  probably  ammonium  nitrate;  but  the  magnitude 
of  the  changes  thus  brought  about  can  not  be  estimated  with  any 
degree  of  definiteness.  Ozone  is  also  a  powerful  absorbent  of  solar 
radiations,  and  may  possibly  exert  some  influence  in  modifying 
terrestrial  chmates.  Its  generation  by  auroral  discharges  as  well  as 
by  ultra-violet  rays  is  considered  in  this  connection  by  Humphreys. 
According  to  H.  N.  Holmes '  the  proportion  of  ozone  in  the  atmos- 
phere is  greater  in  winter  than  in  simmier. 

>  Am.  Jour.  Scl.,  3d  ser.,  vol.  18, 1879,  p.  168;  vol.  22, 1881,  p.  417.  For  the  distribution  of  the  different 
gascsln  the' atmosphere  according  to  elevation,  see  W.  J.  Humphreys,  Dull.  Mount  Weather  Obscr\'atory, 
vol.  2, 1900,  p.  68.  On  variations  in  the  density  of  air  at  Geneva,  see  Guye,  Kovacs,  and  Wourtzel,  Jour, 
chim.  phys.,  vol.  10, 1912,  p.  332. 

s  See  W.  J.  Humphreys,  Astrophys.  Jour.,  vol.  32, 1910,  p.  97,  and  authorities  cited  by  him.  Also  Henriet 
and  Bonyssy,  Compt.  Kend.,  vol.  147,  1908,  p.  977.  According  to  W.  Hayhurst  and  J.  N.  Pring  (Jour. 
Chom.  Soc. ,  vol .  97, 1910,  p.  868),  the  ozone  in  the  atmosphere  amounts  to  less  than  one  part  in  four  thousand 
millions.  In  another  paper  (Proc.  Koy.  Soc.,  vol.  90A,  p.  2M)  Pring  finds  that  air  flrom  high  al^tgdes 
contains  more  ozone  than  air  from  low  levels. 

» Am.  Chem.  Jour.,  vol.  47,  p.  497, 1912. 
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animals  breathe  or  fire  bums  oxygen  is  being  withdrawn 
from  the  air  and  locked  up  in  compoimds.  By  growing  plants  under 
the  influence  of  sunli^t,  one  of  these  compoimds,  carbon  dioxide,  is 
decomposed  and  oxygen  is  Uberated;  but  the  losses  exceed  the  gains. 
So  also,  when  the  weathering  of  a  rock  involves  the  change  of  fer- 
rous into  ferric  compoimds  oxygen  is  absorbed,  and  only  a  portion  of 
it  is  ever  again  released.  The  atmospliere  then  is  slowly  being 
depicted  of  its  oxygen,  but  so  slowly  that  no  chemical  test  is  ever 
likely  to  detect  the  change. 

The  nitrogen  of  the  atmosphere  varies  reciprocaUy  with  the  oxy- 
gen,  the  one  gaining  relatively  as  the  other  loses.     But  here  again 
special  variations  need  to  be  considered.     By  electrical  discharges, 
as  we  have  already  seen,  oxides  of  nitrogen  are  produced,  yielding 
with  the  moisture  of  the  air  nitric  and  nitrous  acids.     Through  the 
agency  of  microbes  certain  plants  withdraw  nitrogen  directly  from 
the  air  and  thus  remove  it  temporarily  from  atmospheric  circulation. 
By  the  decay  or  combustion  of  organic  matter  some  of  this  nitrogen 
is  returned,  partly  in  the  free  state  and  partly  in  gaseous  combina- 
tions.    The  significance  of  these  changes  will  be  more  clearly  seen 
when  we  consider  the  subject  of  rain.     It  is  enough  to  note  here  that 
an  the  nitrogen  of  organic  matter  came  originally  from  the  atmos- 
phere, and  that  at  the  same  time  a  larger  quantity  of  oxygen  was 
also  removed.     The  relative  proportions  of  the  two  gases  are  evidently 
ondeigoing  continuous  modification. 

According  to  Armand  Gautier  *  free  hydrogen  is  present  in  the 
atmosphere,  together  with  other  combustible  gases.  Air  collected 
at  the  Roches-Douvres  lighthouse,  oflf  the  coast  of  Brittany,  yielded 
1.21  milligrams  of  hydrogen  in  100  liters.  Air  from  the  streets  of 
Paris  was  found  to  contain  the  following  substances,  in  cubic  centi- 
meters per  100  liters: 

Free  hydrogen 19. 4 

Methane 12.1 

Benzene  and  its  homologues 1. 7 

Carbonic  oxido,  with  traces  of  olefines  and  acetylenes 2 

In  short,  air,  according  to  Gautier,  contains  by  volume  about  1  part 
in  5,000  of  free  hydrogen,  although  Rayleigh's  experiments  *  on  the 
same  subject  would  indicate  that  this  estimate  is  at  least  six  times 
too  lai^e.  It  is  known,  however,  that  hydrogen  is  emitted  by  vol- 
canoes in  considerable  quantities,  and  Gautier  has  extracted  the  gas 
from  granite  and  other  rocks.     One  hundred  grams  of  granite  gave 

1  Ann*i<w (diim.  phys., 7th  ser.,  vol.  22, 1901,  p.  5. 

s  PliilQs.  liag.,  6th  ser.,  vol.  3, 1902,  p.  416.  See  also  a  criticism  by  A.  Leduc,  C^mpt .  Rend. ,  vol.  135, 1902, 
p«49)^feal  replies  to  Rayleigh  and  Leduc  by  Oiutior,  idem,  vol.  135,  p.  1025;  vol.  136,  p.  21.  Also  a  paper 
bjr  0.  D.  LiveiDg  and  J.  Dewar,  Proc.  Roy.  Soc.,  vol. 67, 1900,  p.  468.  •O.  Claude  (C-ompt.  Rend.,  vol.  148, 
im,  p.  1454)  found  leBB  than  one  part  per  million  of  hydrogen  in  air. 
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him  134.61  cubic  centimeters  of  hydrogen  with  other  gases,  and  from 
tliis  fact  important  inferences  can  be  drawn.  At  the  proper  point, 
farther  on,  this  subject  will  be  discussed  more  fully.  As  for  the 
hydrocarbons,  their  chief  source  is  doubtless  to  be  found  in  the 
decomposition  of  organic  matter,  methane  or  marsh  gas  in  particular 
being  clearly  recognized  among  the  exhalations  from  swamps. 
According  to  II.  Henriet,'  formaldehyde  exists  in  the  atmosphere  in 
quantities  ranging  from  2  to  6  grams  in  100  cubic  meters.  Bodies 
of  this  class  are  impurities  in  the  atmosphere,  and  should  not  l>e 
reckoned  among  its  normal  constituents. 

SiJphur  compounds,  which  are  also  contaminations  of  the  atmos- 
phere, occur  in  air  in  variable  quantities.  Hjxlrogen  sulphide  is 
a  product  of  putrefaction,  but  it  is  also  given  off  by  volcanoes, 
together  with  sulphur  dioxide.  The  latter  substance  is  also  pro- 
duced by  the  combustion  of  coal,  and  is  therefore  abundant  in  the 
air  of  manufacturing  districts.  At  Lille,  for  example,  A.  Ladureau ' 
found  1 .8  cubic  centimeters  of  SOj  in  a  cubic  meter  of  air.  It  under- 
goes rapid  oxidation  in  presence  of  moistm'c,  being  converted  into 
sulphuric  acid,  and  that  compoimd,  either  free  or  represented  by 
ammonium  sulphate,  is  brought  back  to  the  surface  of  th^  earth  by 
rain.  In  experiments  running  over  five  years  at  Rothamsted, 
England,  R.  Warington  '  foimd  that  the  equivalent  of  17.26  pounds 
of  SO3  was  annually  poured  upon  each  acre  of  land  at  that  station. 
Quantities  of  this  order  can  not  be  ignored  in  any  study  of  chemical 
erosion. 

One  of  the  most  constant  and  most  important  of  the  accessory 
constituents  of  air  is  carbon  dioxide.  It  is  normally  present  to  the 
extent  of  about  3  volumes  in  10,000,  with  moderate  variations  above 
and  below  that  figure.  In  towns  its  proportion  Ls  higher;  in  the  open 
country  it  is  slightly  lower;  but  the  agitation  of  winds  and  atmos- 
pheric currents  prevent  its  excessive  accumulation  at  any  point. 
Only  a  few  illustrations  of  its  quantity  need  be  given  here,^  abnormal 
extremes  being  avoided. 


•Compt.  Rend.,  vol.  138, 1904,  pp.  203,  1272. 

>  Anaalos chim.  phjs.,  5th ser.,  vcl.  29, 18S3,  p.  427. 

•  Jour.  rhom.  Soc.,  vol.  51,  18S7,  p.  570.  A  later  flgure  gives  17.41  pounds.  Sec  N.  H.  J.  Miller,  Jour. 
Agr.  Sci. .  vol.  1, 1905,  p.  292.  Miller  cites  data  from  Catania,  Sicily,  giving  20.89  pounds.  O.  Gray  (Kept. 
Australasian  Assoc.  Adv.  Sci.,  vol.  1,  1888,  p.  138)  found  15.2  pounds  per  acre  per  annum  in  4\  j-ears'  obser- 
vatlonn  at  Lincoln ,  New  Zealand. 

*  Very  elaborate  data  are  given  in  R.  Angus  Smith's  Air  and  rain,  to  which  reference  has  alread}-  been 
made.  See  also  the  e  :cellent  paper  hy  E.  A.  Letts  and  R.  F.  niake,  Sci.  Proc.  R07.  Dublin  Soc.,  vol.  P, 
pt.  2,  lO")!,  pp.  Ii7-27vi.  TIio  latter  memoir  contains  a  summar>'  of  all  the  determinations  pre\iously  made, 
with  a  very  thorough  bloliography  of  the  subjoct. 
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DeierminatioHS  of  carbon  dioxide  in  air. 


Ajialjrst. 


Locality. 


J.Reiaeta 

Do 

T.  C.  Van    Nays  and    B.   F. 

A.  Petennann  and  J.  Graftiau  <^. 
E.  A.  Letts  and  R.  F.  Blake  <*. . 


Paris 

Near  Dieppe 

Bloomin^n,  Ind. 


Gembloux,  Belgium. 
Belfast 


Number  of  do- 
terminations. 


CO9  (volumes 
pQrlO,OOOorair). 


3.027 
2.942 

2.816 

2.91 
2.91 


«  Compt .  And.,  vol.  88, 1S79,  p.  1007.     e  Qted  by  Letts  and  Blake. 

» .\m.  Cbem.  Joar.,  vol.  9, 1887,  p.  64.     d  Scl.  Proo.  Roy.  Dublin  Soo.,  vol.  9,  pt.  2,  IMD,  pp.  107-270. 

At  3  parts  in  10,000  the  carbon  dioxide  in  the  atmosphere  amounts 
(0  aboat  2,200,000,000,000  tons,  equivalent  to  600,000,000,000  tons 
rf  carbon.* 

Thousands  of  other  detenninations  having  meteorological,  sanitary, 
or  agricultoral'  problems  in  view  are  recorded,  but  their  discussion 
does  not  fall  within  the  scope  of  this  work.*  That  in  general  terms 
the  proportion  of  carbon  dioxide  in  the  atmosphere  is  very  nearly 
uniform  is  the  point  that  concerns  us  now.  How  is  this  apparent 
constancy  maintained  ? 

Prom  aeveral  sources  carbon  dioxide  is  being  added  to  the* air. 
The  combustion  of  fuels,  the  respiration  of  animals,  and  the  decay  of 
organic  matter  all  generate  this  gas.  From  mineral  springs  and  vol- 
eanoes  it  is  evolved  in  enormous  quantities.  According  to  J.  B. 
Boussingault,'  Cotopaxi  -alone  emits  more  carbon  dioxide  annually 
diioi  is  generated  by  life  and  combustion  in  a  city  like  Paris,  which  in 
1844  threw  into  the  air  daily  almost  3,000,000  cubic  meters  of  the  gas. 
Since  that  time  the  poptdation  of  Paris  has  more  than  doubled,  and 
the  estimate  must  be  correspondingly  increased.  The  annual  con- 
sumption of  coal,  estimated  by  A.  Krogh  *  at  700,000,000  tons  in 
1902,  adds  yearly  to  the  atmosphere  about  one-thousandth  of  its 
present  content  in  carbon  dioxide.  In  a  thousand  years,  then,  if  the 
rate  were  constant  and  no  disturbing  factors  interfered,  the  amount 
ol  COj  in  the  atmosphere  would  be  doubled.  If  we  take  into  occoimt 
the  combustion  of  fuels  other  than  coal  and  the  large  additions  to  the 
atmosphere  from  the  sources  previously  mentioned,  the  result  becomes 

*  A.  Ktq^  (Meddelelscr  om  Groenland,  vol.  26, 1904,  p.  419)  estimates  the  total  CO3  in  the  atmosphere 
it2.4Xl0atoii8.  Van  Hlse  (Jion.  V.  S.  Geol.  Sim-ey,  vol.  47, 1904,  p.  904)  and  Dittmar  (ChaUengcr 
Bfflpoct,  voL  1,  pt.  2,  p.  934)  give  figures  of  the  same  order.  Chamberlin  (Jour.  Geology,  vol.  7, 1899,  p.  682), 
BHlus  a  somenrhat  higher  estimate. 

>  Por  example,  £.  'L.  Moss  (Proc.  Roy.  Dublin  Boo.,  2d  ser.,  vol.  2, 1878,  p.  34)  found  that  Arctic  air  is 
ikbtf  la  carbon  dioxide  tlian  the  air  of  Englazid.  In  air  from  Greenland  A .  ICrogh  (Meddelolser  om  (irocu- 
Imd,  vol.  26, 1901,  p.  409)  Sound  the  proportion  of  carbon  dioxide  to  vary  from  2.5  up  to  7  ])arts  in  10,000. 
Ihe  pcvportkm  determined  by  It.  Legendre  (Compt.  Ilend.,  vol.  143, 1906,  p.  ri26)  in  ocean  air  \ras  3.3.> 
kil«,«». 

» Ann^ilcs  chim.  phys.,  2d  ser.,  vol.  10, 1S44,  p.  4G6. 

'lioc.  dt.  The  present  consomption  of  ooal e::ceeds  1,000,030,003  tons.  I Iro^h's  fiKurcs  should  l^o  corre 
9aodiosly  modified. 
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still  more  startling.  Were  there  no  counterbalancing  of  this  increase 
in  atmospheric  carbon,  animal  life  would  soon  become  impossible 
upon  our  planet.  Figures  like  those  given  above  convey  some  faint 
notion  of  the  magnitude  of  the  chemical  processes  now  under  con- 
sideration. Perhaps  the  majority  of  shooting  stars  represent  the 
combiLstion  of  carbonaceous  meteorites  in  the  upper  regions  of  the 
atmosphere  and  the  addition  of  carbon  dioxide  to  the  air.  Few 
meteora  of  that  class  reach  the  surface  of  the  earth. 

On  the  other  side  of  the  account  two  large  factors  are  to  be  con- 
sidered— first,  the  decomposition  of  carbon  dioxide  by  plants,  with 
liberation  of  oxygen;  and,  second,  the  consumption  of  carbon  dioxide 
in  the  weathering  of  rocks.  To  neither  of  these  factors  can  any 
precise  valuation  be  given,  although  various  writers  have  attempted 
to  estimate  their  magnitude.  E.  II.  Cook,*  for  instance,  from  very 
uncertain  data,  computes  that  leaf  action  alone  more  than  compen- 
sates for  the  production  of  carbon  dioxide,  and  that  without  such 
compensation  the  quantity  present  in  the  air  would  double  in  about 
100  years.  Some  of  the  carbon  dioxide  thus  absorbed  is  annually 
returned  to  the  atmosphere  by  the  autxminal  decay  of  leaves,  but 
part  of  it  is  permanently  withdra\iTi. 

T.*  Sterry  Hunt  *  illustrates  the  effect  of  weathering  by  the  state- 
ment that  the  production  from  orthoclase  of  a  layer  of  kaolin,  600 
meters  thick  and  completely  enveloping  the  globe,  would  consume 
21  times  the  amount  of  carbon  dioxide  now  present  in  the  atmos- 
phere. He  also  computes  that  a  similar  shell  of  pure  carbon,  of 
density  1.25  and  0.7  meter  in  thickness,  would  reqidre  for  its  com- 
bustion all  the  oxygen  of  the  air.  Such  estimates  may  have  slight 
numerical  value,  but  they  serve  to  show  how  vast  and  how  im- 
portant the  processes  under  consideration  really  are.  The  carbon 
of  the  coal  measures  and  of  the  sedimentary  rocks  has  all  been 
drawn,  directly  or  indirectly,  from  the  atmosphere.  Soluble  carbon- 
ates, produced  by  weathering,  are  washed  into  the  ocean,  and  are 
there  transformed  into  sediments,  into  shells,  or  into  coral  reefs; 
but  the  atmosphere  was  the  source  from  which  all,  or  nearly  all,  of 
the  carbon  thus  stored  away  was  taken.  The  carbon  of  tie  sedi- 
mentary rocks,  as  computed  with  the  aid  of  data  given  in  the  pre- 
ceding chapter,  is  about  30,000  times  as  much  as  is  now  contained 
in  the  atmosphere.  T.  C.  Chamberlin  ^  estimates  that  the  amount 
of  carbon  dioxide  annually  withdrawn  from  the  atmosphere  is 
1,620,000,000  tons,  but  the  method  by  which  this  figure  was  obtained 
is  not  clearly  stated.  In  calculations  of  this  sort  there  is  a  certain 
fascination,  but  their  chief  merit  seems  to  lie  in  their  suggestiveness. 

»  Philos.  Mag.,  5th  ser.,  vol.  14, 1882,  p.  387. 
« Am.  Jour.  Sci.,  3d  ser.,  vol.  19, 1880,  p.  349. 
•Jour.  Geology,  vol.  7, 1899,  p.  682. 
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THE  RfSIaAinONS  OP  CARBON  DIOXIDE  TO  CMMATE. 

From  a  geological  standpoint  the  carbon  dioxide  of  the  air  has  a 
twofold  si^uficance— firet,  as  a  weathering  agent,  and  second,  as  a 
regulator  of   climate.    The  subject  of  weathering  will  receive  due 
consideration  later;  but  the  climatic  value  of  atmospheric  carbon 
may  properly  be  mentioned  now.     Both  carbon  dioxide  and  aqueous 
vapor  serve  as  selective  absorbents  for  the  solar  rays,  and,  by  blanket- 
mg  the  earthy  they  help  to  avert  excessive  changes  of  temperature. 
On  the  physical  side,  and  as  regards  carbon  dioxide,  this  question 
has  been  discussed  by  S.  Arrhenius,^  who  argues  that  if  the  quantity 
of  the  gas  in  the  atmosphere  were  increased  about  threefold,  the 
mean  temi>er attire  of  the  Arctic  regions  would  rise  8°  or  9°.     A 
corresponding  loss  of  carbon  dioxide  would  lead  to  a  lowering  of 
temperatxu'e ;  and  in  variations  of  this  kind  we  may  find  an  explana- 
tion of  the  alterations  of  climate  which  have  undoubtedly  occurred. 
The  glacial  period,  for  example,  may  have  been  due  to  a  loss  of  carbon 
dioxide  from  the  atmosphere.     To  account  for  such  gains  and  losses, 
Arrhenius   cites  with  great  fullness  the  work  of  A.   G.   Hogbom, 
who  regards  volcanoes  as  the  chief  source  of  supply.     Just  as  indi- 
vidual volcanoes   vary  in  activity  from  quietude  to   violence,   so 
the  volcanic  activity  of  the  globe  has  varied  from  time  to  time. 
During  i)eriods  of  great  energy  the  carbon  dioxide  of  the  air  would 
he  abundant ;  at  other  times  its  quantity  would  be  smaller.     Ilogbom 
estimates  that  the  total  carbon  of  the  atmosphere  would  form  a 
layer  1  millimeter  thick,  enveloping  the  entire  globe.     The  quantity 
of  carbon  in  living  matter  he  regards  as  being  of  the  same  order, 
neither  many  fold  greater  nor  many  fold  less.     The  combustion  of 
coal  he  reckons  as  about  balancing  the  losses  of  the  atmosphere 
hy  weathering;  and  in  this  way  he  roaches  his  conclusion  that  vol- 
canic action  is  the  important  factor  of  the  problem. 

This  theory  of  Arrhenius  has  been,  however,  a  subject  of  much 
controversy.  It  was  strongly  endorsed  by  F.  Freeh,'  who  has 
attempted  by  means  of  it  to  account  for  glacial  periods.  E.  Kayser,' 
on  the  other  hand,  has  attempted  to  prove  that  the  views  of  Arrhenius 
are  im tenable,  on  the  ground  of  K.  J.  Angstrom^s  *  physical  researches. 
Angstrom  has  shown  that  carbon  dioxide  in  the  atmosphere  can 
not  possibly  absorb  more  than  16  per  cent  of  the  terrestrial  radiations, 
and  that  variations  in  its  amount  are  of  very  small  effect.     Further- 

>  Pbilot.  ICag.,  Sth  set.,  vol.  41, 1896,  p.  237.    Annalen  d.  Physik,  4th  ser.,  vol.  4, 1901,  p.  690. 

sZeitsdir.  GtselL  Erdkunde,  Berlin,  vol.  37, 1902,  pp.  611,  671;  idem,  1906,  p.  533.  Neues  Jahrb.,  190S, 
Pt2,p.7i. 

>r€DtnJbL  Mill,  OeoL  u.  PaL,  1908,  p.  553;  1909,  p.  660.  Rejoinder  by  ArrheniiLs,  idem,  1909,  p.  481, 
Utcr  papers  by  Airheniiui  and  Kayser  are  In  the  same  journal  for  1913,  pp.  5S2.  764. 

•  Annalen  d.  Physik,  4th  aer.,  toI.  3, 1900,  p.  720;  vol.  6, 1901,  p.  163.    AngstrOm  himself  criticizes  Air- 

113750*--19— Bull.  695 4 
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more,  C.  G.  Abbot  and  F.  E.  Fowlo^  have  shown  that  aqneoiB 
vapor  is  present  in  the  atmosphere  in  quantities  so  large  as  to  make 
the  climatic  significance  of  carbon  dioxide  negligible.  Hie  principal 
absorl>ent  of  terrestrial  radiations  is  the  vapor  of  water.  Whether 
the  theory  of  Arrhenius  is  in  harmony  with  the  facts  of  historical 
geology — that  is,  whether  periods  of  volcanic  activity  have  coincided 
with  warmer  climates,  and  a  slackening  of  activity  with  lowering  of 
temperature — is  also  in  dispute.  The  controversy  is  not  yet  ended.* 
One  other  suggested  regulative  ag^icy  remams  to  be  moitioned. 
The  ocean  is  a  vast  reservoir  of  carbon  dioxide,  which  is  partly  in 
solut  ion  and  partly  combined.  Between  the  surface  of  the  sea  and 
the  atmosphere  there  is  a  continual  interdiange,  each  one  sometimes 
losing  and  sometimes  gaining  gas.  Upon  this  fact  a  theory  of 
climatic  variations  has  been  founded,  and  in  another  chapter,  upon 
the  ocean,  it  will  be  stated  and  discussed. 

RAINFALL. 

Among  all  the  constituents  of  the  atmosphere  aqueous  vapor  is  the 
most  variable  in  amount  and  the  most  important  geologically.  It  is 
not  merely  a  solvent  and  disintegrator  of  rocks,  but  it  is  also  a  carrier, 
distributing  other  substances  and  making  them  more  active.  To  the 
circulation  of  atmospheric  moisture  we  owe  our  rivers,  and  through 
them  erosion  is  effected.  The  process  of  erosion  is  partly  chemical 
and  partly  mechanical,  and  the  two  modes  of  action  reinforce  each 
other.  By  flowing  streams  the  rocks  are  ground  to  sand,  and  so  new 
surfaces  are  exposed  to  chemical  attack.  On  the  other  hand,  chemical 
solution  weakens  the  rocks  and  renders  them  easier  to  remove  mechan- 
ically. As  water  evaporates  from  the  surface  of  the  sea,  it  lifts,  by 
inclusion  in  vapory  vesicles,  great  quantities  of  saline  matter,  which 
are  afterward  deposited  by  rainfall  upon  the  land.  It  is  through 
the  agency  of  rain  or  snow  that  the  atmosphere  produces  its  greatest 
geological  effects;  but  the  chemical  side  of  its  activity  is  all  that  con- 
cerns us  now.  Aqueous  vapor  dissolves  and  concentrates  the^  other 
ingredients  of  air  and  brings  them  to  the  gromid  in  rain. 

In  one  sense  oxygon  is  the  most  active  of  the  atmospheric  gases,  but 
without  the  aid  of  moisture  its  effectiveness  is  small.  Perfectly  dr^" 
oxygen  is  comparatively  inert;  for  example,  phosphorus  bums  in  it 
slowly  and  without  flame,  but  the  merest  trace  of  water  gives  the  gas 
its  usual  activity.*    More  than  this  trace  is  always  present  in  the  air, 

1  Annals  .Vstxophys.  Observ.,  vol.  2, 1908,  pp.  172, 175. 

'  On  tho  geologic  side  of  the  question  sco  Kayser,  loc.  rit.,  and  lichrbuch  dcr  allgemdnen  Geolosfe^  9A 
C(L,  1909,  pp.  81-8a.  Also  £.  Kokcn,  Neu«s  Jahrb.,  Fcst  Band,  1907,  p.  530,  and  E.  Philippic  CatnlU. 
&fin.,  Cieol.  u.  Pal.,  190H,  p.  360.  The  papers  referred  to  contain  many  other  references  toliterttnre.  Ob 
the  inQueDce  of  volcanic  dust  on  climate,  see  W.  J.  Uumphreys,  Jour.  Washington  Acad.  Sd.,  roL  3,  p. 
3G5,  1D13. 

»  See  11.  Brereton  Baker,  Proc.  Roy.  Soc.,  vol.  45, 1S88,  p.  1. 
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and  when  it  condenses  to  rain  it  dissolves  oxygen,  nitrogen^  carbon 
dioxide,  and  other  gases.  These  substances  differ  in  solubility,  and 
tlierefore  dissolved  air  contains  them  in  abnormal  proportions.  In 
air  extracted  from  rain  water,  Humboldt  and  Gay-Lussac  found  31 
per  cent  of  oxygen.  R.  W.  Bunsen,*  who  examined  air  from  rain 
water  at  different  temperatures,  gives  the  following  table  to  illustrate 
its  composition  by  volume : 

Composition  of  dissolved  air  at  different  temperatures. 


0* 

6* 

10* 

15* 

20* 

N 

63.20 

33.88 

2.92 

63.35 

33.97 

2.68 

63.49 

34.05 

2.46 

63.62 

34.12 

2.26 

63.69 

o; 

34.  17 

CO 

2.14 

• 

100.00 

100.00 

100.00 

100.00, 

100.00 

In  air  from  sea  water  O.  Pettersson  and  K.  Sond6n  ^  found  nearly 
34  per  cent  of  oxygen.  In  dissolved  air,  then,  and  especially  in  rain, 
oxyg^i  is  concentrated,  and  in  that  way  its  effectiveness  is  increased. 
The  same  is  true  of  carbon  dioxide.  Bain  brings  it  to  the  surface  of 
the  earth,  where  its  eroding  power  comes  into  play. 

As  a  carrier  of  ammonia,  nitric  acid,  sulphuric  acid,  and  chlorine 
rain  water  performs  a  function  of  the  highest  significance  to  agricul- 
ture, but  whose  geological  importance  has  not  been  generally  recog- 
nized. Rain  and  snow  collect  these  impurities  from  the  atmosphere, 
in  quantities  which  vary  with  local  conditions,  and  redistribute  them 
upon  the  soil.  Many  analyses  of  rain  water  have  therefore  been 
made,  not  only  at  agricultural  experiment  stations  but  also  for  sani- 
tary purposes^  and  a  few  of  the  results  obtained  are  given  below.  ^ 
F^;ures  for  sulphuric  acid  have  already  been  cited.  The  values 
given  are  stated  in  poimds  per  acre  per  annum  brought  to  the  surface 
of  the  earth  at  the  several  stations  named.  For  nitrogen  compounds 
the  data  are  as  follows: 

1  UeUs's  Anzialcn,  vol.  93, 1855,  p.  4S.  See  also  M.  Baumert,  idem,  vol.  88, 1853,  p.  17,  for  c\-i<icncc  of  tho 
swe  order. 

>Dcr.  Dcatseh.  chom.  GeseU.,  voL  22, 1880,  p.  1439. 

*  For  the  older  data  see  R.  Angus  Smith,  Air  and  ram,  London,  1872.  For  nitrogen  and  cliloridcs  in  rain 
ladmow  at  Mount  Vcmcm,  Iowa,  see  G.  H.  Wiesncr,  Chom.  News,  vol.  109,  1914,  p.  85.  See  also  W.  J. 
Ubx,  for  data  from  the  same  locality,  Chem.  News,  voL  111,  1915,  p.  6L  F.  T.  Shutt  (Trans.  Roy. 
SocL  ^^»ia^,  3d  aer.,  toL  8^  1914,  p.  83)  c^ves  data  for  nitrogen  in  rain  and  snow  during  seven  years'  obser- 
tittonsat  Ottawa  The  ot^ervatioos  cover  14  weeks  only.  The  annual  report  of  the  Roiliamsld  StaticHi, 
Katluid,  for  VtlZ,  contaJTw  additiooal  data  on  nitrogen. 
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Witrojtn  broujkl  to  Ihe  lur/aee  of  (fte  rarlA  fcy  n 
JPouDtl]  pur  &cn  per  annum.] 


Lomlily. 

Nllngen. 

RoDarki. 

Nitric. 

Tolol. 

2. 40fi 
2.71 

6  years'  avemgo. 

1.13 

3.84 
8-93 

Near  Paris  c 

It  yean' avengo. 

.516 

9.20 
a.  452 
3.541 
3.69 
5.42 
3.636 
2.08 
1.065 

.600 

2i  years'  average. 
5  yeara' average. 
20  years' average. 
3  yeare"  average. 
3  years'  average. 
3  yean'  average. 
44  years'  avers^e. 

1.009 
1.006 
2. 63 
6.06 

2.443 
1.886 
1.06 
.366 

New  Zealand*       ... 

Iceland  * 

.802 
.311 

.263 

age. 

wlicr  flgu  M     Mil      (H 


tv 


0  k   D9  i>er  hectare. 

p  MS     10.31  kilM  [>er  hentan. 

Vaeu     r  npirea  9es  prseedlni 

'  IKT  Bta^Kaiuu    gr  Coll.,  ISSt. 

Ixper.  SU.,  IW.    S«a  aba  Eighth 

1  d.  (ira  .  R«pt.  .\ii3trtiliulaD  Assoc.  Adr.  Bd.,  to],  1,  ISSS,  p.  US.    The  Sgurei  Include  samp  albuml- 
DoliI  nllrwen. 
'  N.  U.  ].  Ulllet,  Joui.  Cham.  Soc,  vcd.  106, 1,  IV14,  p.  US.    Abstract 

In  most  caees  ammonia  is  in  excess  over  nitric  acid;  but  in  the 
Tropics  the  reverse  seems  to  be  true.  The  substance  actually  brought 
to  earth,  then,  is  in  great  part  ammonium  nitrate,  but  the  conditions 
are  modified  when  hydrochloric  or  sulphuric  acid  happens  to  be 
present  in  the  air.  A  large  part  of  the  combined  nitrogeo  has  of 
course  been  added  to  the  atmosphere  by  organic  decomposition  at  the 
surface  of  tlie  earth ;  but  some  of  it  is  due,  as  we  have  already  seen, 
to  electrical  discharges  during  thunderstorms.  The  geolo^cal  sig- 
nificance of  free  acids  in  rain  is  obvious,  for  it  means  an  increase  in 
the  eroding  power  of  water. 

Furthermore,  in  this  circulation  of  nitrogen  between  the  ground 
and  the  air,  the  ground  gains  more  than  it  loses.  All  of  the  nitrogen 
thus  fixed  in  combination  is  not  released  again  to  the  atmosphere; 
only  a  part  so  returns.' 

>  T.  Bcbtoeslng  (Cantrlbuii<inskl'£tiide<leIaoIiimloagrioolo,lSSS,p.  U)  cMlmatta  tba  avtnga  •mmcDla 
In  thsatmosphise  at  0.03  mlUigrampwoutric  meter.    This  amnints  to  1,000  grams  over  every  beolaraoC 

On  nltratts  In  tha  atmuphere  lea  A.  Uunti  and  E.  Lalirf,  Compt.  Rend..  Tcd.  ISI,  ISII,  p.  167.  J. 
lUrschwald  <Dle  PrDtung  der  naCOrllctam  Baustelne,  BerUn,  IMB,  p.  £}  gives  many  data  kr  ■"""'"'* 
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The  figures  for  atmospheric  chlorine  axe  even  more  surprising; 
but  they  represent  in  general  salt  raised  by  vapor  from  the  ocean. 
Where  chemical  industries  are  carried  on,  free  hydrochloric  acid  may 
enter  the  air,  and  some  hydrochloric  acid  is  also  evolved  from  volca- 
noes; but  these  are  minor  factors  of  httle  more  than  local  significance. 
Chlorine  is  abimdant  in  the  air  only  near  the  sea,  and  its  proportion 
rapidly  diminishes  as  we  recede  from  the  coast.  This  is  clearly  shown 
by  the  *' chlorine  map"  of  Massachusetts,*  and  by  several  later 
documents  of  the  same  kind,  in  which  the  ''normal  chlorine"  of  the 
I>otable  waters  is  indicated  by  isochlors  that  follow  the  contour  of 
the  shore.  Near  the  ocean  the  waters  are  rich  in  chlorides,  which 
diminish  rapidly  as  we  follow  the  streams  inland. 

The  amoxmt  of  salt  precipitated  by  rain  upon  the  land  is  by  no 
means  inconsiderable.  For  quantitative  data  a  few  examples  must 
suffice,  stated  in  the  same  way  as  for  nitrogen. 

CMoridea  brought  to  the  surface  of  the  earth  by  rain, 
[Pounds  per  aero  per  annum.] 


Locality. 


Cirencester.  England  a. . 
Rotbamstea,  England  &. 
Rothamsted,  England  <^. 

Perugia,  Italy  ^ 

Cevlon* 

Calcutta  « 

Madras  < 

Odessa,  Russia/ 

Barbados  ff 

British  Guiana  * 

New  Zealand  < 


Chlorine. 


14.40 
14.87 


180.  63 
32.87 
3G.27 
17.00 
116.  98 
129. 24 
61.20 


Sodium 
chloride. 


30. 10 
24.00 


37.95 


195.  00 


Remarks. 


26  years'  average. 


In  1887. 


5  years'  average. 
20  years'  average. 
4 J  years'  average. 


0  E.  KInch,  Jour.  Chem.  Soc..  vol.  77, 1900,  p.  1271. 
ff  R.  WaringtoD,  idem,  vol.  51, 1887,  p.  500. 

c  N,  H.  J.  Miller,  Joor.  Agr.  8cl.,  vol.  1, 1905,  p.  292.    Miller  gives  figures  for  several  other  localities. 
d  O.  Belluoci.  Jour.  Chem.  Soc.,  abstract,  vol.  56, 1899,  p.  299.    42.531  kilos  per  hectare. 
«  ated  by  Miller,  loc.  cit. 

/  J.  Pirovaroff,  Ann.  gtol.  mln.  Russie,  vol.  9, 1908,  p.  274.    19  kilos  per  hectare. 
9  J.  B.  HarriMn  and  J.  Williams.  Jour.  jVm.  Chem.  Soc.,  vol.  19, 1S97,  p.  1. 

*  J.  B.  Harrison^  Rept.  Dept.  ScL  and  Agr.,  British  Quiana,  1909-10.    For  earlier  figures,  see  preceding 
reference. 
i  O.  Gray,  Rept.  Australian  Assoc.  Adv.  Sd.,  vol.  1, 1888,  p.  138. 

Furthermore,. we  have  the  older  researches  of  Pierre,^  whose  analy- 
ses were  made  m  1851  at  Caen,  in  Normandy,  where  each  hectare 

1  See  T.  IC  Drown,  in  Rept.  Massachusetts  State  Board  of  Ilealth,  etc.,  vol.  1,  December,  1889.  Mrs. 
Ellen  S.  Richards,  who  was  associated  with  Drown  In  this  investigation,  has  since  published.  Jointly  with 
A.  T.  Hopkins,  a  similar  map  of  Jamaica  ( Tech.  Quart.,  vol.  11, 1898,  p.  227).  For  a  chlorine  map  of  Long 
Island,  see  O.  C.  Whipple  and  D.  D.  Jackson,  Tech.  Quart.,  vol.  13,  1900,  p.  145.  One  of  Connecticut 
appears  in  the  report  of  the  State  board  of  health  for  1895.  For  a  general  chlorine  map  of  New  York  and 
New  England,  see  Jackson,  Water-Supply  Paper  U.  S.  Geol.  Survey  No.  144, 1905. 

>  See  R.  Angos  Smith,  Air  and  rain,  1872,  pp.  223-232.  Pierre  also  cites  valuable  data  obtained  by  Barral, 
Bineau,  LieUg,  Boossingault,  and  others.  See  also  A.  Bobierre,  Compt.  Rend.,  vol.  58, 1864,  p.  755,  for 
theoGmposltloit  of  rain  water  collected  at  Nantes  In  1S63.  The  average  sodium  chloride  amounted  to  14.09 
grams  p€r  eobic meter.  On  nitrogen  compound?,  chlorine  and  sulphur  in  rain  and  snow  at  Mount  Vernon, 
Iowa,  see  B.  Artis,  Chem.  News,  vol.  113, 1916,  p.  3,  and  E.  L.  Peck,  idem,  vol.  IIG,  1917,  p.  283. 


54 


DATA  OF  G£0CH£M:ISTBT. 


of  soil  was    found    to'  receive    annually  in    rain   tho    following 

impurities: 


NaOL. 

KCl.. 

MgOl, 


Kilaerftms. 
....  37.5 
. . . .  8. 2 
....  2.5 
....     1.8 


NajSO^ 8.4 

KjSO^ 8.0 

OaSO^ 6.2 

MgS04 6.9 


These  citations  are  enough  to  show  tho  great  geological  impor- 
tance of  rainfall  over  and  above  its  ordinary  mechanical  effects 
and  its  value  as  a  solvent  after  it  enters  the  ground. 

The  atmospheric  circulation  of  salt  has  received  much  attention, 
and  F.  Po§epn^,'  as  long  ago  as  1877,  attempted  to  show  that  the 
sodium  chloride  of  inland  waters  was  derived  lai^ely  from  this 
source.  Of  late  years  the  same  idea  has  been  strongly  urged  by 
W.  Ackroyd,-  who  has  gone  so  far  as  to  atiribute  .tiie  salinity  of  the 
Dead  Sea  to  chlorides  brought  by  winds  from  the  Mediterranean. 
Furthermore,  A.  Muntz '  has  x>ointed  out  that  without  this  circu- 
lation of  salt,  and  its  replenishment  of  the  land,  the  latter  would  soon 
be  drained  of  its  chlorides,  and  living  beings  would  suffer  from  the 
loss.  These  \\Titers  probably  overemphasize  the  imi>ortance  of 
''cyclic  salts, *^  as  they  have  been  called,  but  their  arguments  are 
enough  to  show  that  tho  phenomena  under  consideration  are  by  no 
means  insignificant.  Wind-borne  salt  plays  a  distinct  part  in  the 
economy  of  nature ;  but  its  influence  is  yet  to  be  studied  in  definite, 
quantitative  terms.  An  exception  to  this  statement  is  fiimiahed  by 
tho  Sambhar  Salt  Lake  in  India,  which  wiU  be  considered  in  detail 
in  another  chapter. 

^^part  from  its  function  in  carrying  soluble  salts,  the  atmosphere 
performs  a  great  work  in  mechanically  transporting  other  solids.  Its 
effectiveness  as  a  carrier  of  dust  is  well  understood;  dust  from  the 
explosion  of  Krakatoa  was  borne  twice  around  the  globe,  but  such 
processes  bear  indirectly  upon  chemistry.  In  desert  regions  the  sand- 
storms help  to  disintegrate  the  rocks,  and  so  to  render  them  more 
sxisceptible  to  chemical  change.  Dust,  also,  whether  cosmic  or  ter- 
restial,  furnishes  the  nuclei  around  which  dro'pa  of  rain  are  formed, 
and  so  reinforces  the  activity  of  atmospheric  moisture.* 

I  Sitzimgsb.  K.  AkacL  Wiss.  Wien,  vol.  76,  Abth.  1, 1877,  p.  179.  See  also  a  discussion  of  this  memoir  by 
E.  Tictze,  Jahrb.  K.-k.  gool.  Reifih.san.staU,  voL  27,  1877,  p.  341.  In  a  recent  discussion  of  this  subject 
K.  Dubois  (^VrdL  Mus6c  Teyler,  2d  ser.,  vol.  10,  1007,  p.  441)  has  estimated  the  amount  of  atmaqjiheiie 
salt  annually  precipitated  in  rainfall  on  two  provinces  of  Holland  as  about  6,000,000  kilograms. 

*  OcoL  Mag.,  4th  ser.,  vol.  8,  1900,  p.  445,  Proc.  Yorkshire  Gcol.  and  Polytech.  Soc.,  vol.  14,  p.  40J. 
Chem.  News,  Jan.  8, 1904. 

*  Corapt.  Bead.,  voL  112, 1801,  p.  440. 

4  See  J.  Aitkcn,  I'roc.  Roy.  Soe.  Edinburgh,  voL  17,  1880,  p.  193.  An  interesting  lecture  by  A.  Ditto 
(Revue  sclent.,  5th  ser.,  vol  2, 1904,  p.  700),  on  metals  in  the  atmosphere  is  well  wortliy  of  doUoc.  It  deals 
with  dust,  meteoric  matter,  cyclic  salts,  ftminnwinm  oompomids,  etc 


'     THE  ATMOSPHERE.  55 

TEDB  PRIMITIVE  ATMOSPHEB£. 

Althougli  the  main  purpose  of  this  treatise  is  to  assemble  and 
dassify  data  rather  than  to  discuss  speculations,  a  few  words  as  to 
the  origin  of  our  atmosphere  may  not  be  out  of  place.  Upon  this 
subject  much  has  been  written,  especially  in  recent  years;  but  none 
of  Uie  widely  variant  theories  so  far  advanced  can  be  regarded  as 
conclusive.  The  problem,  indeed,  is  one  of  cosmology,  and  chemical 
data  supply  only  a  single  line  of  attack.  Physical,  astronomical, 
m&thematicaly  and  geolc^cal  evidence  must  be  brought  to  beajr  upon 
the  question  before  anything  like  an  intelligent  conclusion  can  be 
reached.  Even  then,  with  every  precaution  taken,  we  can  hardly  be 
sore  that  o\ir  fundamental  premises  are  sound. 

One  phase  of  the  discussion,  to  which  I  have  already  referred, 
relates  to  the  constancy  or  variability  of  the  atmosphere.  The  accu- 
mulations of  carbon  in  the  Uthosphere,  such  as  the  coal  measures, 
the  limestones,  and  the  like,  have  led  some  geologists  to  assume  that 
the  atmosphere  at  some  former  time  was  vastly  richer  in  carbonic 
acid  than  it  is  now;  but  the  fossil  records  of  life  suggest  that  the 
di&er^ices  could  not  have  been  extreme.  With  a  large  excess  of  car- 
bon dioxide,  the  existence  of  air-breathing  animals  would  be  impos- 
sible. Only  anaerobic  organisms  could  Uve.  It  is  clear  that  the 
stored  carbon  of  the  sedimentary  rocks  was  once  largely  in  the  atmos- 
phere, but  was  it  ever  all  present  there  at  any  one  time? 

Suoh  a  supposition  is  improbable.  The  known  carbon  of  the 
iithosphere,  if  converted  into  carbon  dioxide,  would  yield  nearly  25 
times  the  present  mass  of  the  entire  atmosphere,  and  the  atmospheric 
pressure  at  the  surfaoe  of  the  earth  would  be  enormously  increased.* 
It  is  more  likely  that  carbon  dioxide  has  been  added  to  the  atmosphere 
by  volcanio  agency,  in  some  suoh  manner  as  this:  Primitive  carbon, 
like  the  graphite  found  in  meteorites,  at  temperatures  no  greater 
than  that  of  molten  lava,  reduced  the  magnetite  of  igneous  rocks  to 
metallic  iron,  such  as  is  found  in  many  basalts,  and  was  itself  thereby 
oxidized.  Then,  dischai^ed  into  the  atmosphere  as  dioxide,  it  became 
sabject  to  the  familiar  reactions  which  restored  it  to  the  hthosphere 
as  eoal  or  limestone. 

In  order  to  aooount  for  the  observed  phenomena,  several  essentially 
distinot  hypotheses  have  been  proposed  T.  Sterry  Hunt,^  for 
example,  ai^ed  in  favor  of  a  cosmical  atmosphere,  pervading  all 
qiace,  from  which  a  steady  supply  of  carbon  dioxide  has  been  drawn. 
This  theory,  which  was  also  favored  by  Alexander  Winchell,^  postu- 
Utea  a  universal,  exhaustless  reservoir  of  carbon,  which  should  be 

*  Far  a  cmloiis  speculation  on  the  mass  of  the  atmosphere,  see  R.  U.  MeKee,  Science,  voL  23, 1906,  p.  271. 
Be  argues  thmt  the  present  atmosphere  is  as  great  as  the  earth  is  capable  of  retaining. 

*  Am.  Joor.  Sci.,  3d  scr.,  voL  19, 1880,  p.  349. 
•Solaioe,  VOL  2, 1883,  p.  830. 
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ahlo  to  satisfy  all  demands.  But  what  evidenoo  have  we  that  suoh 
an  atmosphcro  exists? 

S.  Meunier,*  criticizing  Hunt,  points  out  that  some  planets  have 
excessive  and  others  deficient  atmospheres,  and  that  a  cosmic  uni- 
formity is  therefore  improbable.  Meimier  prefers  the  volcanic  theory, 
for  which  we  liave  at  least  some,  basis  of  fact.  We  know  that  gases 
are  emitted  from  volcanoes,  even  though  there  is  no  certain  measure 
of  their  quantity,  and  the  question  to  be  determined  relates  to  the 
adequacy  and  the  source  of  the  supply.  That  questioii  I  shall  not 
now  attempt  to  answer;  but,  obviously,  if  the  volcanic  hypothesis 
be  true,  the  cessation  of  volcanism  would  signify  the  end  of  life  on 
the  globe.  It  would  be  followed  by  the  consumption  of  all  available 
carbon  dioxide,  so  that  plant  life,  and  consequently  animal  life, 
oould  no  longer  be  supported.  A  cosmical  atmosphere  has  no 
assignable  limit;  an  atmosphere  of  volcanic  origin  must  sooner  or  later 
be  exhausted.  May  not  the  moon  be  an  example  of  such  an  atmos- 
pheric death  P 

Another  theory  relative  to  the  atmosphere  is  based  upon  the  belief 
that  the  unoxidized,  but  oxidizable,  substances  in  the  primitive  rooks 
are  sufficient  in  quantity  to  absorb  all  the  oxygen  of  the  air.  If  our 
globe  solidified  from  a  molten  condition,  and  if,  as  commonly  sup- 
posed, oxidized  oompoimds  were  the  first  to  form,  the  observed  con- 
ditions are  not  easy  to  explain.  C.  J.  Koene,  indeed,  assumed  that 
the  primitive  atmosphere  contained  no  free  oxygen,  and  he  has  been 
followed  of  late  years  by  T.  L.  Phipson,^  J.  Lemberg,*  John  Steven- 
son,^ and  Lord  Kelvin.*  Lemberg  and  Kelvin,  however,  do  not  go 
to  extremes,  but  admit  that  possibly  some  free  oxygen  was  present 
oven  in  the  cxirliest  times.  Lemberg  argued  tliat  the  primeval  atmos- 
phere contained  chiefly  hydrogen,  nitrogen,  volatile  chlorides,  and 
carbon  compoxmds,  the  oxygen  which  is  now  free  being  then  united 
with  carbon  and  iron.  The  liberation  of  oxygen  began  with  the 
appearance  of  low  forms  of  plant  life,  possibly  reached  a  TnAxiinuTn 
in  Carboniferous  time,  and  has  since  diminished.  Stevenson's  argu- 
ment is  much  more  elaborate,  and  starts  with  an  estimate  of  the 
uncombined  carbon  now  existent  in  the  sedimentary  formations. 
In  the  deposition  of  that  carbon,  oxygen  was  liberated,  and  from  data 
of  this  kind  it  is  argued  that  the  atmospheric  supply  of  oxygen  is 
steadily  increasing,  while  that  of  carbon  dioxide  diminishes.    The 

»  Compt.  Rend.,  vol.  87, 1878,  p.  641. 

^  It  is  probable  that  the  combustion  of  carbonaceous  meteorites  in  the  atmosphere  may  add  oarboo 
dioxide  to  it,  but  the  quantity  so  supplied  can  hardly  be  estimated.    It  is  possibly  large. 

» Chem.  News,  vol.  67, 1893,  p.  135.  Also  several  notes  in  vols.  68, 69,  and  7a  For  Koene's  work  see  Phip» 
son's  papers,  1893-04. 

<  Zeltschr.  Deutsch.  geol.  Gesell.,  vol.  40, 1888,  pp.  630-634. 

»  Phllos.  Mag.,  5th  ser.,  vol.  60,  1900,  pp.  312,  399;  6th  scr.,  vol.  4, 1902,  p.  435;  voL  9, 1006^  p.  88:  voL  ll^ 
1906,  p.  226. 

•  Idem,  5th  scr.,  vol.  47, 1899,  pp.  85-«9. 
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sUtement  th&t  no  oxygen  has  been  found  in  the  gases  extracted  from 
rocks  is  also  adduoed  in  favor  of  the  theory.     First,  an  oxidized  crust 
and  no  free  oxygen  in  the  air;  then  processes  of  reduction  coming  into 
play;  and  at  last  the  appearance  of  lower  forms  of  plants,  which  pre- 
pared the  atmosphere  to  sustain  animal  life.    The  arguments  are  inge- 
nious, but  to  my  mind  they  exemplify  the  result  of  attaching  excessive 
importance  to  one  set  of  phenomena  alone.    It  is  not  clear  that  due 
Account  lias  been  taken  of  the  checks  and  balances  which  are  actually 
observed.     At  present  the  known  losses  of  oxygen  seem  to  exceed  the 
gains.    For  example,  C.  H.  Smyth*  has  estimated  that  the  oxygen 
withdrawn  from  the  air  by  the  change  of  ferrous  to  ferric  compounds, 
and  so  locked  up  in  the  sedimentary  rocks,  is  equal  to  68.8  per  cent 
of  the  quantity  now  present  in  the  atmosphere. 

But  were  oxidized  compounds  the  first  compounds  to  form?  If 
they  were,  then  the  arguments  just  cited  are  valid,  but  the  premises 
are  doubtful.  If  the  molten  globe  was  as  hot  as  has  been  supposed, 
it  is  likely  that  carbides,  silicides,  nitrides,  etc.,  would  be  generated 
first,  and  in  that  case  all  the  oxygen  of  the  lithosphere  would  be 
atmospheric.  This  supposition  is  based  upon  the  results  obtained 
with  the  aid  of  the  electric  furnace  at  temperatures  which  decompose 
oxygen  compounds  in  the  presence  of  carbon,  silicon,  or  nitrogen, 
substances  of  the  class  just  named  being  then  produced.  Considera- 
tions of  this  kind  have  been  elaborately  developed  by  H.  Lenicque,* 
who,  however,  pushes  them  to  extremes.  He  even  goes  so  far  as  to 
ascribe  great  masses  of  limestone  to  the  atmospheric  oxidation  of 
primitive  carbides.  It  will  be  observed  at  once  that  theories  of  this 
order  are  directly  related  to  the  hypotheses  which  postulate  an  inor- 
ganic origin  for  petroleum — a  subject  which  will  be  more  fully  dis- 
cussed in  the  proper  chapter.  For  the  present  it  is  enough  to  see 
that  cogent  arguments  may  lead  us  to  either  of  two  opposite  beliefs — 
that  the  primitive  atmosphere  was  rich  in  oxygen,  or  that  it  was 
oxygen  free. 

The  balance  or  lack  of  balance  between  carbon  and  oxygen  is,  after 
all,  only  one  factor  in  the  problem.  The  origin  of  the  atmosphere 
as  a  whole  is  a  much  larger  question,  and  our  answers  to  it  must 
depend  upon  our  views  as  to  the  genesis  of  the  solar  system.  If  we 
accept  the  nebular  hypothesis,  we  are  likely  to  conclude  that  the 
atmosphere  is  merely  a  residuum  of  imcombined  gases  which  were 
left  behind  when  the  globe  assumed  its  solid  form.  That  seems  to  be 
the  prevalent  opinion,  although  it  must  be  modified  by  the  observed 
facts  of  volcanism.  The  outer  envelope  of  the  earth  receives  rein- 
forcements from  within,  whose  sources  will  be  considered  at  length 
in  another  chapter. 

» Jonr.  Oeologj,  voL  13»  1905,  p.  318.  «  M6m.  Soc.  ingen.  ci  vlls  FnuicA ,  0<:.\ft\5wt  A"*®* ,^  ,'^;«i. 
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Quite  a  differont  theory  of  the  earth's  origm  has  lately  been  de- 
veloped by  T.  C.  Chamberlin/  who  imagines  a  planet  built  up  by 
slow  aggregations  of  small,  solid  bodies.  Each  of  these  particles, 
or  meteorites,  carried  with  it  entangled  or  occluded  atmospheric 
material.  In  time  the  acctunulation  of  originally  cold  matter  devel- 
oped pressure  enough  to  raise  the  central  portions  of  the  mass  to  a 
high  temperature,  and  gases  were  then  expelled.  Thus  the  atmos- 
phere was  generated  from  within  the  globe  instead  of  remaining  as  a 
residuum  around  it.  We  know  that  meteorites  contain  occluded 
gases,  and  that  gases  are  also  extractable  from  igneous  rocks,  and 
these  facts  lend  to  the  hypothesis  a  certain  plausibility.  The  gases 
thus  obtainable  from  the  lithosphere  are  equivalent  to  many  potential 
atmospheres,  although,  as  we  have  already  seen,  oxygen  is  not  among 
them.  On  Chamberlin's  hypothesis  the  atmosphere  has  grown  from 
small  beginnings;  the  nebular  conception  assimies  that  it  was  lai^est 
at  first.  E.  H.  L.  Schwarz,*  who  accepts  Cliamberlin's  views,  con- 
cludes that  the  primitive  atmosphere  is  actually  represented  to-day 
by  the  gases  extractable  from  meteorites.  Hydrogen,  nitrogen, 
methane,  and  both  oxides  of  carbon  are  the  gases  in  question,  but 
there  is  no  free  oxygen. 

One  dubious  speculation,  which  may  be  cx>nnected  with  the  theory 
just  described,  relates  to  the  nature  of  the  earth's  interior.  From 
the  known  fact  that  the  temperature  rises  as  we  descend  into  the 
crust  of  the  earth,  calculations  have  been  made  to  show  that  the 
temperature  of  the  centrosphere  must  be  enormously  high.  In  fact, 
if  the  rate  of  increase  is  constant,  the  temperature  must  reach  a 
degree  far  above  the  critical  point  of  any  known  element.  Matter 
in  the  interior  of  the  earth,  then,  should  be  gaseous  or  quasi-gaseous. 
This  suggestion  was  first  offered  by  Herbert  Spencer,'  later  by  A. 
Ritter,*  and  has  been  more  recently  developed  by  S.  Arrhenius.*  It 
has,  however^,  only  speculative  value,  for  it  rests  upon  assumptions 
which  can  not  be  tested  experimentally,  and  which  may  never  be 
verified.  A  discussion  of  the  subject  falls  without  the  scope  of  this 
memoir,  and  only  these  brief  references  to  it  are  admissible  here.' 

»  Jour.  Geology,  vol  5, 1807,  p.  653;  vol.  6, 1808,  pp.  450, 600;  vol.  7, 1890,  pp.  545, 667,  751.  See  aho  H.  L. 
Fairchild,  Am.  Geologist,  vol.  33, 1004,  p.  04. 

*  Causal  gcolog>',  London,  1010,  p.  03. 

'  See  his  essays  on  the  nebular  hypothesis  ( 1858)  and  the  constitution  of  the  sun  ( 1865).  Cited  from  New 
York  edition  of  1802. 

*  Wied.  Annalen,  vol.  5, 1878,  p.  405. 

•  Gool.  FOren.  Fdrhandl.,  vol.  22, 1000,  p.  305. 

•  For  a  historical  summary  relative  to  the  supposed  gaseous  interior  of  the  earth  see  S.  GOnther,  Jahresb. 
Geog.  Gesoll.  MOnchon,  1890-01,  Heft  14,  p.  1. '  See  also  the  monograph  by  H.  Thlene,  Temperatar  und 
Zustand  des  Erdinnem,  Jena,  1007. 


CHAPTER  III. 

LAKES  AND  RIVERS.* 

ORIGIN. 

When  rain  fails  upon  the  surface  of  the  earthy  bringing  with  it  the 
impurities  noted  in  the  preceding  chapter,  part  of  it  sinks  deeply 
underground  to  reappear  in  springs.  Another  part  runs  off  directly 
into  streams,  a  part  is  retained  as  the  groimd  water  of  soils  and  the 
hydration  water  of  clays,  and  a  part  retimis  by  evaporation  to  the 
atmosphere.  According  to  an  estimate  by  Sir  John  Murray,^  the  total 
annual  rainfall  upon  all  the  land  of  the  globe  amounts  to  29,347.4 
cubic  miles,  and  of  this  quantity  6,524  cubic  miles  drain  off  through 
rivers  to  the  sea.  A  cubic  mile  of  river  water  weighs  4,205,650,000 
tons,  approximately,  and  carries  in  solution,  on  the  average,  about 
420,000  tons  of  foreign  matter.  In  all,  about  2,735,000,000  tons  of 
solid  substances  are  thus  carried  annually  to  the  ocean.'  Suspended 
sediments,  the  mechanical  load  of  streams,  are  not  included  in  this 
estimate;  only  the  dissolved  matter  is  considered,  and  that  repre- 
sents the  chemical  work  which  the  percolating  waters  have  done. 

Although  the  minerals  which  form  the  rocky  crust  of  the  earth  are 
relatively  insoluble,  they  are  not  absolutely  so.  The  feldspars  are 
especially  susceptible  to  change  through  aqueous  agencies,  yielding 
up  their  lime  or  alkalies  to  percolating  water  and  forming  a  residue 
of  clay.  Rain  water,  as  we  have  already  seen,  contains  carbonic  acid 
in  solution,  and  that  impurity  increases  its  solvent  power,  particularly 
with  r^ard  to  limestones.  The  moment  that  M^ater  leaves  the 
atmosphere  and  enters  the  porous  earth  its  chemical  and  solvent 
activities  begin,  and  continue,  probably  without  interruption,  until 
it  reaches  the  sea.  The  character  and  extent  of  the  work  thus  done 
varies  with  local  conditions,  such  as  temperature,  the  nature  of  the 
minerals  encountered,  and  so  on;  but  it  is  never  zero.  Sometimes 
larger  and  sometimes  smaller,  it  varies  from  time  to  time  and  place 
to  place.  The  entire  process  of  weathering  will  be  considered  more 
fully  later;  we  have  now  to  study  the  nature  of  the  dissolved  matter 
alone,  or,  in  other  words,  the  composition  of  rivers  and  lakes.  The 
data  are    abimdant,  but  unfortunately  are  complicated   by  a  lack 

I  Exelcdins  those  belonging  to  closed  basins. 
*  Scottish  Geog.  Mag.,  yoI.  3«  p.  65, 1887. 

s  Estimates  by  F.  W.  Clarte  (A  preliminary  study  of  chemical  denudation:  Smithsonian  Misc.  Coll., 
*  itL  56,  No.  5, 1810).   Hcnay's  figures  are  762^7  tons  per  cubic  mile,  and  nearly  5,000,000.000  ti)n3  in  the 
Hisanalytioal  data  were  too  lew  and  too  limited  in  range  for  a  close  computation. 
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of  uniformity  in  the  meihods  of  statement,  which  are  often  unsatis* 
factory  and  even  misleading.  The  analysis  of  a  water  can  bo  reported 
in  several  different  ways,  as  in  grains  per  gallon  or  parts  per  million; 
in  oxides,  in  supposititious  salts,  or  in  radicles;  so  that  two  analyses 
of  the  same  material  may  seem  to  be  totally  dissimilar,  although  in 
reality  they  agree.  Before  we  can  compare  analyses  one  with  an- 
other we  must  reduce  them  to  a  common  standard,  for  then  only 
do  their  true  differences  appear.  The  task  of  reduction  may  be 
tedious,  but  it  is  profitable  in  the  end. 

STATEMENT  OF  ANALYSES. 

In  tlie  usual  statement  of  water  analyses  an  essentially  vicious 
moile  of  procedure  has  become  so  firmly  established  that  it  is  difficult 
to  set  aside.  For  example,  a  water  is  foimd  to  contain  sodium, 
potassium,  calcium,  magnesium,  chlorine,  and  the  radicles  of  sul- 
phuric and  carbonic  acids;  or,  in  ordinary  parlance,  three  acids  and 
four  bases.  If  these  are  combined  into  salts  at  least  12  such  com- 
pounds must  be  assumed,  and  there  is  no  definite  law  by  which 
their  relative  proportions  can  be  calculated.  A  combination,  how- 
ever, is  commonly  taken  for  granted,  and  each  chemist  allots  the 
several  acids  to  the  several  bases  according  to  his  individual  judg- 
ment. The  12  possible  salts  rarely  appear  in  the  final  statement; 
all  the  chlorine  may  be  assigned  to  the  sodium  and  all  the  sulphuric 
acid  to  the  lime,  and  the  result  is  a  meaningless  chaos  of  assumptions 
and  uncertainties.  We  can  not  be  sure  that  the  chosen  combinations 
are  correct,  and  wo  know  that  in  most  analyses  they  are  too  few. 

But  are  the  radicles  combined  ?  This  is  a  point  at  issue.  Although 
no  complete  theory,  covering  all  the  phenomena  of  solution,  has  yet 
been  developed,  it  is  the  prevalent  opinion,  at  least  among  physical 
chemists,  that  in  dilute  solutions  the  salts  are  dissociated  into  theii* 
ions,  and  that  with  the  latter  onlj'-  can  wo  legitimately  deal.  Whether 
this  theory  of  dissociation  shall  ultimately  stand  or  fall  is  a  question 
which  need  not  concern  us  now;  we  can  use  it  without  danger  of 
error  as  a  basis  for  the  statement  of  analyses,  putting  our  results 
in  terms  of  ions  which  may  or  may  not  be  actuall}''  combined.*  Upon 
this  foundation  all  water  analyses  can  be  rationally  compared, 
with  no  unjustifiable  assumptions  and  with  all  the  real  data  reduced 
to  the  simplest  uniform  terms.  We  do  not,  however,  get  rid  of  all 
difficulties,  and  some  of  these  must  be  met  by  pure  conventions.  For 
example.  Is  silica  present  in  colloidal  form,  or  as  the  silicic  ion  SiO,? 
Are  ferric  oxide  and  alumina  present  as  such,  or  in  the  ions  of  their 

>  The  Ionic  form  cf  statement  has  been  used  in  the  Survey  laboratory  since  1883.  In  Europe  it  has  had 
strong  advocacy  from  Trof.  C.  von  Than,  Min.  pet.  Mitt.,  vol.  11, 1990,  p.  487.  It  is  now  rapidly  supplant- 
ing the  elder  system.  For  an  excellent  discussion  of  the  statement  of  water  analyses,  see  R.  B.  Dole,  Jour. 
Ind.  L:ig.  Choiii.,  vol.  6, 1914,  p.  770. 
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salts  1  The  iron  may  represent  ferrous  carbonate,  the  alumina  may 
be  equivalent  to  alum;  but  as  a  rule  the  quantities  found  are  so 
trivial  that  the  true  conditions  can  not  be  determined  from  the 
ratios  between  acidic  and  basic  radicles.  The  unavoidable  erroi-s  of 
analysis  are  commonly  too  large  to  permit  a  final  settlement  of  these 
questions;  and  only  in  exceptional  cases  can  definite  conclusions  be 
drawTi. 

For  convenience,  then,  we  may  regard  these  substances  as  col- 
loidal oxides  and  tabulate  them  in  that  form.*  The  procedure 
may  not  be  rigorously  exact,  but  the  error  in  it  is  usually  very 
small.  If  we  consider  an  analysis  as  representing  the  composition 
of  the  anhydrous  inorganic  matter  which  is  left  when  a  water  has 
been  evaporated  to  dryness,  the  difficulty  as  regards  iron  disappears, 
for  ferrous  carbonate  is  then  decomposed  and  ferric  oxide  remains. 
A  similar  difficulty  in  respect  to  the  presence  of  bicarbonates  also 
vanishes  at  the  same  time,  for  the  bicarbonates  of  calcium  and  mag- 
nesium can  only  exist  in  solution  and  not  in  the  anhydrous  residues. 
If  in  a  given  water  notable  quantities  of  lime,  magnesia,  and  car- 
bonic acid  are  found,  bicarbonic  ions  must  be  present,  for  without 
them  the  bases  could  not  continue  dissolved ;  but  after  evaporation 
only  the  normal  salts  remain.  Sodium  and  potassium  bicarbonates 
are  not  so  readily  broken  down;  but  even  with  them  it  is  better 
to  compare  the  monocarbonates,  so  as  to  secure  a  uniformity  of 
statement.  In  fact,  some  analysts  report  only  normal  salts,  and 
others  bicarbonates;  so  that  for  the  comparison  of  different  analyses 
we  are  compelled  to  adopt  an  adjustment  such  as  that  which  is  here 
proposed.  In  other  words,  we  eliminate  the  variable  factors  and 
study  the  constants  alone. 

One  other  large  variable  remains  to  bo  considered — the  variation 
due  to  dilution.  A  given  solution  may  be  very  dilute  at  one  time  and 
much  more  concentrated  at  another,  and  yet  the  mineral  content  of 
the  water  is  possibly  the  same  in  both  cases.  For  example,  average 
ocean  water  contains  3.5  per  cent  of  saline  matter,  while  that  of  the 
Black  Sea  carries  Uttle  more  than  half  as  much;  and  yet  the  salts 
which  the  two  waters  yield  upon  evaporation  are  nearly,  if  not  quite, 
identical.  In  some  cases,  as  we  shall  presently  see,  it  is  desirable  to 
compare  waters  directly;  but  in  most  instances  it  is  also  convenient 
to  study  the  composition  of  the  solid  residues  in  percentage  terms. 
In  that  way  essential  similarities  are  brought  to  light  and  the  data 
become  inteUigible. 

Before  proceeding  further,  it  may  bo  well  to  consider  a  single 
water  analysis  in  order  to  illustrate  the  various  methods  of  state- 
ment.    For  this  purpose  I  will  take  W.  P.  Headden's  analysis  of 

>  This  mle-appllai  to  svcfa  waters  only  as  aro  considered  in  this  cbaptor.    To  many  volcanic  waters, 
geyser  waters,  ndne  waters,  etc.,  it  does  not  apply.    Their  discussion  is  left  to  later  chapters. 


62 


DATA  OF  GEOCHEMISTRY. 


water  from  Platte  River. near  Greeley,  Colo.,'  which  he  himself 
states  in  several  forms.  In  the  first  column  of  the  subjoined  table 
the  results  are  given  in  oxides,  etc.,  as  in  a  mineral  analysis,  and  in 
grains  to  the  imperial  gallon.  In  the  second  column  they  are  stated 
in  terms  of  salte,  and  I  have  here  recalculated  Headden's  figures  into 
parts  per  million  of  the  water  taken.  Finally,  in  a  third  column  I 
give,  as  proposed  in  the  foregoing  pages,  the  composition  of  the 
residue  in  radicles  or  ions  and  in  percentages  of  total  anhydrous 
inorjganic  solids. 

AnalysU  of  water  ttaUd  in  different  forms. 


Qmins 

p«r 
imporial 

gallon. 

SiO,. 0.891 

SO3' 32. 601 

CO, 4.554 

Cl/. 


2.081 

NaaO 11.463 

KjO 355 

CaO 13.117 

MgO 5.530 

(FeAOA 189 

MiLjOa 189 

Ignition 2.397 


LeaaO^Cl 


73. 907 
.604 


73.363 


Parts  per 
million. 

CaSO^ 457.7 

MgSO^ 236.0 

KjSO^ 9.4 

NajSO^ 62.5 

NaCl 63.2 

Na^COa 156.9 

21.9 

2.7 

2.7 

1.3 


NajSiOj 

(FeAl)A. . . 
MnjOg , 

Ignition 

Excess  SiOj. 


1, 048. 5 


SiOa. 
SO4. 

CO3. 

Cl... 


Per 
cent. 

..     1.26 

..  55.28 

..    8.78 

..    3.79 


Na 12.02 

K 41 

Ca 13.24 

Mg 4.69 

R2O3 53 


100.00 
'Ignition"    cm  it  tod. 
Salinity,   1,014    parts  per 
million. 


So  far  as  appearance  goes,  these  statements  might  represent  three 
different  waters;  and  yet  the  analytical  data  are  the  same.  A  change 
in  the  last  column  of  SiOj  into  the  radicle  SiOj  would  affect  the  other 
figures  but  slightly.  The  compactness  and  simplicity  of  the  ionic 
form  of  statement  are  evident  at  a  glance.  Under  it,  as  *'saUnity," 
I  have  given  the  concentration  of  the  water  in  terms  of  parts  per 
million.  One  million  parts  of  this  water  contain  in  solution  1,014 
parts  of  anhydrous,  inorganic,  solid  matter. 

THE  INTERPRETATION  OF  ANALYSES. 

In  the  interpretation  of  any  water  analysis  the  first  question  to  ask 
is  as  to  its  accuracy.  Every  analysis  is  subject  to  errors,  great  or 
small,  and  in  each  individual  instance  it  is  important  to  decide 
whether  its  error  is  serious  or  negligible.  When  an  analysb  is 
stated  in  terms  of  salts,  the  errors  are  obscured,  as  in  the  smoothing 
of  a  curve,  and  an  accurate  estimate  of  its  value  is  not  possible.  In 
such  a  case  the  reputation  of  the  analyst  is  the  safest  criterion  upon 
which  to  base  a  judgment. 


t  Ball.  Colorado  Agr.  Ezper.  Sta.  No.  82, 1003,  p.  56. 
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When,  however,  an  analysis  is  stated  in  tenns  of  the  radicles 
aoluaUy  determined,  a  dedsion  as  to  its  value  is  much  simpler. 
The  negative  or  acid  radicles  and  the  positive  or  basic  radicles  must 
be  ehemically  equivalent,  at  least  within  the  limits  of  permissible 
experimental  errors.  To  this  rule,  which  applies  to  nearly  all  waters, 
there  are  some  apparent  but  not  real  exceptions.  U  the  basic 
radicles  are  much  in  excess  of  the  acid,  it  is  possible  that  a  part  of  the 
alkaline  ions  may  be  balanced  or  held  in  equiUbrium  by  silica^  that 
is,  the  usually  colloidal  silica  may  represent  an  alkaline  silicate, 
which,  however,  is  hydrolyzed  in  solution.  Some  geyser  waters  of 
the  Yellowstone  National  Park  have  this  peculiarity.  On  the  other 
hand,  certain  volcanic  waters  are  strongly  acid;  and  then  it  is  nec- 
essary to  assume  the  presence  of  hydrogen  ions  in  order  to  com- 
pletely balance  the  negative  radicles.  Another  source  of  acidity 
is  found  in>6ome  mineral  springs,  in  which  the  iron  and  aluminum 
are  presumably  in  equilibrium  as  sulphates.  The  iron  and  aluminiun 
must  then  be  counted,  not  as  colloids  but  as  among  the  basic  radi- 
cles. Examples  of  these  exceptional  waters  are  cited  in  chapter  6 
of  this  treatise,  and  demand  no  further  attention  here. 

The  calculations  implied  in  the  preceding  paragraph  aie  very 
shnple,  and  may  be  based  either  upon  the  analysis  as  stated  in  parts 
per  million  or  upon  its  percentages.  The  quantity  foimd  for  each 
radicle  is  divided  by  its  chemical  equivalent,  and  the  quotients  for 
each  group,  acid  or  basic,  are  separately  added  togethei\  The  two 
sums  should  then  be  equal,  or  so  neai'ly  equal  that  the  difference  can 
be  ascribed  to  the  small,  inevitable  errors  of  analysis.  For  the 
univalent  radicles  Na,  K,  CI,  NO3,  and  HCOg  the  chemical  equiva- 
lent and  the  atomic  weight  are  the  same ;  for  the  bivalent  radicles 
Ca,  Mg,  SO4,  and  CO,  the  atomic  weights  should  be  halved.  Tliis 
is  the  usual  procedure.  H.  Stabler/  however,  has  proposed  a  modi- 
fication of  the  method,  in  which  the  quantities  determined  are  mul- 
tiplied by  the  reciprocals  of  the  equivalents,  which  ho  calls  the  ^  ^reac- 
tion coefficients"  of  the  radicles.  The  products  so  obtained,  the 
"reacting  values"  of  the  radicles,  are  identical  with  the  quotient>s 
of  the  ordinary  process  and  must  balance  in  the  same  way.  A  table 
of  Stabler^s  coefficients  may  save  some  labor  when  large  numbers  of 
aDal3rses  are  to  be  discussed,  but  the  economy  is  probably  small. 

The  interpretation  of  a  water  analysis,  then,  is  founded  upon  a 
study  of  equihbria.  Even  the  hypothetical  combinatiwi  of  the 
radideB  is  a  crude  attempt  at  such  a  study — an  attempt,  however, 
^ddi,  as  we  have  abeady  seen,  is  based  ordinarily  upon  imverifiable 
assumptions.  I  speak  now,  of  course,  of  such  waters  as  commonly 
occur  in  nature.  A  solution  of  a  single  salt,  or  one  in  which,  as  in 
certain  brines,  one  salt  overwhelmingly  predominates,  is  obviously 
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easy  to  deal  with.  A  more  refined  attack  upon  the  problem  of  inter- 
pretation has  been  made  by  Chase  Pahner,'  who  has  examined  in 
detail  the  relations  between  the  equivalent  ratios  or  reacting  values 
described  above,  and  so  correlated  the  analyses  with  the  properties 
of  the  waters  analyzed.  His  procedure,  briefly,  is  as  follows:  Two 
fundamental  properties  are  recognized — namely,  aUcaliniiy  and 
sal'iuHy,  which  are  subdivided  into  groups.  Salinity  is  measured  by 
the  sum  of  the  strong-acid  radicles,  SO^,  CI,  and  NO,,  which  balance 
an  equivalent  number  of  basic  radicles.  If  the  basic  radicles  are 
partly  or  wholly  alkaline,  that  is,  Na  or  K,  their  proportion  of  the 
salinity  is  said  to  be  primary.  The  remaining  salinity,  due  to  the 
radicles  Ca,  Mg,  and  Fe"  is  called  secondary.  If,  however,  the  acid 
radicles  are  in  excess  of  the  basic,  tertiary  salinity  or  acidity  appears, 
and  hydrogen  ions  must  be  taken  into  accoimt.  When  the  alkaline 
radicles  exceed  those  of  the  strong  acids,  their  excess  is  the  meas- 
ure of  primary  alkalinity,  which  represents  hydrolyzed  carbonates  or 
bicarbonates.  The  weak-acid  radicles  COj  and  HCO„  which  balance 
any  excess  of  the  alkaline  earths  over  the  stronger  acids,  produce 
secondary  alkalinity. 

Upon  these  properties  Palmer  has  developed  a  classification  of 
natural  waters,  which  correlates  them  with  their  geologic  origin. 
Waters  issuing  from  areas  of  crystalline,  feldspathic  rocks  are  char- 
acterized by  high  primary  alkalinity,  low  concentration,  and  a 
,  notable  proportion  of  silica.  Waters  from  sedimentary  regions, 
especially  where  limestone  is  abimdant,  show  secondary  alkalinity. 
Ocean  water  and  other  similar  brines  are  almost  entirely  saline,  and 
alkalinity  is  nearly  or  even  wholly  wanting  in  them.  Palmer  gives 
numerous,  carefully  worked  out,  illustrations  of  the  applicability  of 
his  method  of  discussion  to  geochemical  problems,  but  the  details 
can  not  well  be  presented  here. 

SPRINGS. 

When  water  first  emerges  from  the  earth  as  a  spring  its  mineral 
composition  is  dependent  upon  local  conditions.  Some  spring  waters 
are  exceedingly  dilute ;  others  are  heavily  charged  with  saline  impuri- 
ties. To  the  subject  of  ''mineral"  springs,  a  separate  chapter  will 
be  given,  and  only  a  few  analyses  of  spring  water,  all  taken  from  the 
records  of  the  United  States  Geological  Survey,  need  be  given  here. 
They  represent  the  beginnings  of  streams  and  are  therefore  signifi- 
cant in  this  connection.  All  these  analyses  are  reduced  to  a  uniform 
standard,  in  accordance  with  the  rules  laid  down  in  the  preceding 
pages.' 

1  The  geochemical  interpretation  of  water  analyses:  Bull.  U.  S.  Geo!.  Survey  No.  479,  1911.  8«e  ate 
O.  S.  Rogers,  Econ.  Geology,  vol.  12, 1917,  p.  56. 

*  Innumerable  analyses  of  wells,  springs,  and  underground  waters  generally  are  to  be  fonnd  scattartd 
through  the  literature.  See  for  example,  S.  W.  McCalUe,  Bull.  Geol.  Survey  Geor^gla  No.  15, 1908,  and 
B,  Bartow,  Bull.  Univ.  Jllincis,  vol.  6,  No.  3, 1908. 
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Analyses  of  spring  water. 

L  Spring  ntar  Masn^^  Cove,  Arkansas.   Analysis  by  H.  N.  Stokes. 

B.  Spring  1  mile  west  of  Santa  Fe,  Nev  Ifezioo.   Analysis  by  F.  W.  Clarke. 

C.  Spring  near  Mbnntatn  City,  Tennessee.   Analysis  by  T.  M.  Chatard. 

D.  Ofthdooia  Spring,  Caledonia,  New  York.    Analysis  by  H.  N.  Stokes. 

B.  Spring  3  miles  west  of  Liowesyille,  North  Oarolina.    Analysis  by  F.  W.  Clarke. 
F.  Spring  near  Mount  Mica,  Paris,  Maine.    Analysis  by  F.  W.  Clarke. 


65 


A 

B 
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3.40 
1.35 

30.95 

3.45 

1.08 

.63 

5.55 

47.14 
6.67 
4.18 

22.67 

6.17 

\     5.32 

7.85 

27.29 

16.37 

1.50 

14.39 

2.23 

/    5.72 

1     3.97 

27.17 

Trace. 

1.36 

11.73 

31.62 

22.28 

19.49 

3.25 

10.62 

.34 

.67 

12.15 

51.86 

.45 

23.58 

1.47 

4.16 

.34 

5.99 

6.22 

60.97 

Trace. 

22.37 

Ma                       

2.62 

Nf::::;;::::::::::;\ 

K 

SiO 

4.32 

.21 

2.80 

AlA 

2;iz} ..---- 

Fe>0, 

.49 

*  ^^3 ...---- 

Sdinity,  parta  per  million 

100.00 
224 

100.00 
280 

100. 09 
80 

100.00 
925 

100.00 
642 

100.00 
606 

Some  of  these  waters  yield  carbonates  on  evaporation,  one  yields 
mainly  sulphates,  and  between  the  two  extremes  the  carbonic  and 
sulphuric  radicles  vary  almost  reciprocally.  One  water  is  character- 
ized by  its  high  proportion  of  chlorine  and  another  by  its  large  per- 
centage of  silica ;  but  in  all  of  them  calcium  is  the  dominant  metal.  In 
salinity  they  differ  somewhat  widely,  but  the  most  concentrated 
example  contains  only  925  parts  per  million,  or  52  grains  to  the 
United  States  gallon,  of  foreign  solids.  It  will  be  seen  as  we  go 
farther  that  carbonate  waters  are  the  most  common,  for  the  reason 
that  rain  water  brings  carbonic  acid  from  the  air,  and  that  substance 
is  most  active  as  a  solvent  of  mineral  matter. 


( 


CHANGES   OF  COMPOSITION. 

As  spring  water  flows  from  its  source  it  rapidly  changes  in  char- 
acter. It  receives  other  water  in  the  form  of  rain  or  of  ground  water 
flowing  from  the  soil,  and  it  blends  with  other  rivulets  to  produce 
larger  streams.  Under  certain  conditions  a  part  of  its  dissolved  load 
may  be  precipitated,  and  the  composition  of  a  river  as  it  approaches 
the  sea  represents  the  aggregate  effect  of  all  these  agencies.  A  river 
is  the  average  of  all  its  tributaries,  plus  rain  and  ground  water,  and 
many  rivers  show  also  the  effects  of  contamination  from  towns  and 
factories.  Small  streams  are  the  most  affected  by  local  conditions, 
tnd  show  the  greatest  differences  in  composition;  large  rivers,  as  a 
nde,  resemble  one  another  more  nearly. 

How  rapidly  and  how  profoimdly  the  composition  of  a  river  may 
bo  modified  are  well  illustrated  in  Headden's  bulletin^  ^N^hich.  L  Va?^^ 

113750*— 1»— Bull.  605 5 
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already  cited.^  Cache  la  Poudre  River  in  Colorado  flows  first  through 
a  rocky  canyon,  over  bowlders  of  schist  and  granite,  and  thence 
emerges  upon  the  Plains.  Its  waters  are  then  diverted  into  ditches 
and  reservoirs  for  purposes  of  irrigation,  and  finally  reach  the  Platter 
near  Greeley.  In  performing  the  work  of  irrigation  they  acquire  a 
new  load  of  solid  matter,  and  the  progressive  changes  in  their  com- 
position are  clearly  shown  by  Headden's  analyses.  Some  of  the  latter 
I  will  cite,  first,  as  Headden  gives  them  in  grains  to  the  imperial  gallon, 
and  then  in  a  second  table  reduced  to  ions  and  percentages. 

Analysis  E  is  the  one  cited  on  page  62  to  show  different  forms  of 
statement.  In  all  cases  I  omit  Headden's  figures  for  'ignition,"  and 
deal  with  the  anhydrous  residues  alone. 

Analyses  ofvntcrfmm  Colorado  rivers. 

A.  Cache  la  Poudre  River  above  the  north  fork. 

n.  Cache  la  Poudre  River  water  from  faucet  in  lal>oratory  at  Fort  CoUim. 

C.  C^che  la  Poudre  River  2  miles  above  Greeley. 

D.  Cache  la  Poudre  River  3  milej^Iow  Greeley. 

E.  Platte  River  below  mouth  of  the  Cache  la  Poudre. 


Gralmi  per  imperial  gallon. 

A 
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B 
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D 

E 

CO2 

0.G029 
.1946 
.1037 
.5238 

Trace. 
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.0018 

2. 3731 
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3.0364 
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.8857 
.6631 
.1921 
.6245 
.0171 
.0112 

5.920 
64.970 

2.770 
18. 938 
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30.374 

2.145 
14.087 

4.554 

SO, 

32.601 

n 

2.681 

CaO 

13. 117 

SrO 

MffO 

12.190 
14.590 

.451 
1.035 

.079 
Trace. 

6.692 
9.117 
.372 
.961 
.039 
.078 

6.530 

NajO 

11.463 

kJ) 

.355 

SiOo 

.891 

(Al.VeU),. 

.189 

Mn,0, 

.189 

J.oss  ( ) — <  '1 

2.6296 
.0234 

9.8009 
.0238 

110.943 
.624 

67.842 
.483 

71.570 
.604 

2.6062 

9.  7771 

110. 319 

67. 3,39 

70.966 

Reduced  aoalysea.  In  percentages. 


CO, 

31.91 
9.07 
4.03 

14.53 

33.  68 

23.36 

1.10 

22.58 

.19 

6.63 

5.12 

1.66 

6.49 

.29 

7.34 
59.99 

2.52 
12.31 

10.34 

64.33 

3.19 

16.00 

8.78 

■<^vxj  .................................. 

so. 

55.28 

CI 

3.79 

Ca 

13.24 

Sr 

Mg 

2.93 
10.80 

2.72 

23.50 

.51 

6.66 

9.84 

.34 

.94 

.07 

6.00 

10.09 

.46 

1.42 

.17 

4.69 

0 •••••••••••*•••*•••-••••••••••••••• 

Na 

12.02 

K 

.41 

SiOj 

1.26 

R„0., 

.63 

**'3^^J 

Saliiiitv,  partd  per  million 

100.00 
37 

100.00 
137 

100.00 
1,571 

100.00 
958 

109.00 
1,011 

1  Bull.  Colorado  Agr.  Exper.  Sta.  No.  F2, 1903. 
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We  have  here,  first,  a  very  pure  mountain  water,  relatively  high 
in  carbonates  and  rich  in  silica.  At  the  end  of  the  series  we  have 
waters  in  which  sulphates  predominate  and  the  proportion  of  silica 
is  very  low.  The  change  is  extremely  great  in  all  respects,  and  is 
partly  due  to  the  use  of  the  water  for  irrigating  an  originally  arid  soil 
containing  much  soluble  matter.  Probably  when  the  soil  shall  have 
been  thoroughly  leached  by  long  periods  of  cultivation  the  changes 
in  tiie  water  will  be  less  exaggerated.  A  similar  alteration  is  also 
shown  in  Headden's  analyses  of  water  from  Arkansas  River,  first  at 
Canon  City,  where  it  emerges  from  the  mountains,  and  second  at 
Rockyford,  nearly  100  miles  below.*  The  analyses  are  as  follows, 
reduced  to  the  common  standard  adopted  in  this  memoir.  Headden 
regards  the  silica  as  present  partly  in  the  form  of  alkaline  silicates,  a 
supposition  which  is  probably  correct.  For  present  purposes,  how- 
ever, the  difference  between  SiOj  and  the  SiOg  radicle  may  be  neg- 
lected. 

Analyses  of  water  fr  om  Arkansas  River  at  ttvo  points  in  Colorado. 


CO3 

SO, 

€1 

Ga 

Mg 

nS 

K 

SiOa 

R2O3 

Salinity,  parte  per  million 


Canon  City. 


Rockyford. 


37.55 

2.65 

14.62 

60.69 

3.77 

4,89 

20.24 

12.78 

5.13 

3.76 

9.57 

14.50 

.60 

.28 

8.19 

.45 

.33 

100.00 

100.00 

148 

2,134 

Changes  of  a  different  order  are  shown  by  the  waters  of  the  River 
Ch^lif,  in  Algeria,  according  to  the  investigation  by  L.  Ville.^  This 
stream  flows  through  an  arid  region,  in  which  incrustations  or  efflores- 
cences of  salt  and  gypsum  aboimd.  Lower  in  its  course  it  receives 
affluents  much  poorer  in  mineral  matter,  and  its  character,  at  least  as 
regards  salinity,  is  modified.  Ville's  analyses  reduced  to  a  modern 
standard  are  as  follows: 


1  Boll.  Cokxndo  Agr.  Ezper.  Sta.  No.  82, 1903.  Headden  also  gives  analyses  of  water  from  St.  Vrain, 
Big  Thompson,  Boulder,  and  Clear  creaks,  and  from  many  reseryoirs,  irrigating  ditches,  and  wells.  See 
also  Am.  Joor.  Set.,  4th  ser.,  vol.  10, 1903,  p.  160. 

s  Boll.  8oc.  g6oL  Franoe,  2d  ser.,  vol.  14, 1S57,  p.  352.  A  later  analysis  by  Balland  is  given  in  Jonr.  Chem. 
Soc.,  roi  36, 1879,  p.  090,  abstract.  Still  another,,  by  F.  de  Marigny,  is  cited  by  Roth.  In  Annalos  des 
mines,  fith  ser.,  toL  11, 1857,  p.  067,  Marigny  gives  aimlyses  of  two  other  Algerian  rivers. 
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Analyses  of  water  from  River  Chilify  Algeria, 

A.  Sample  taken  at  KaarBoghari  during  extreme  low  water. 

B.  Sample  taken  at  the  same  point  a  few  days  later,  aft^  a  rise. 

C.  Sample  from  Orleansville,  much  farther  downstream. 


CO, 

so, 

CI 

Ca 

Mg 

Na 

SiO, 

Fe^O, 

Salinity,  parts  per  million 


A 

0.98 

B 

1.11 

40.36 

26.87 

26.40 

39>.28 

7.46 

6.63 

4.12 

4.42 

20.64 

22.61 

.06 

.04 

.03 

.04 

100.00 

100.00 

6,670 

5,342 

9.31 
29.64 
26.54 
11.85 

4.11 

17.03 

.84 

1.18 


100.00 
1,182 


The  effect  of  dilution  by  affluents  is  shown  by  analysis  C ;  but  the 
interesting  feature  of  the  series  is  the  difference  between  high  and 
low  water  at  Ksar-Boghari.  Ville  attributes  this  difference  to  the 
fact  that  salt  is  much  more  soluble  than  gyi)sum  and  that  therefore 
during  a  flood  it  is  dissolved  out  more  freely  and  more  rapidly  from 
the  soil.  At  low  water  sulphates  are  in  excess  of  chlorides ;  at  high 
water  the  reverse  is  true. 

1^  The  examples  thus  far  cited  serve  to  show  the  danger  of  attempting 
to  draw  general  conclusions  from  a  single  analysis  of  a  water,  espe- 
cially when  the  latter  is  collected  at  only  one  point.  If  we  wish  to 
determine  the  total  load  carried  by  a  river  to  the  ocean,  the  samples 
should  be  taken  as  near  as  possible  to  its  mouth,  but  far  enough  up- 
stream to  avoid  tidal  contamination;  and  the  analyses  should  be 
numerous  enough  to  give  a  fair  average  residt.  Without  such  pre- 
cautions no  valid  conclusions  can  be  reached.  The  data  must  be 
adequate  to  the  purpose  in  view — a  condition  which  is  not  always 
fulfilled. 

ANALYSES  OF  RIYEB  WATERS, 

Many  analyses  of  river  and  lake  water  are  to  be  foxmd  scattered 
through  chemical  and  geological  literature.  Only  a  part  of  the 
material  can  be  considered  here,  and  preference  will  be  given,  but 
not  exclusively,  to  analyses  not  cited  in  the  classical  works  of  J.  Roth 
and  G.  Bischof .  Many  of  the  analyses  were  made  in  the  laboratories 
of  the  United  States  Geological  Survey,  and  especially  in  those  of  the 
water-resources  branch.  The  work  of  that  branch,  in  this  particular 
direction,  is  mainly  but  not  exclusively  represented  by  six  publica- 
tions,* in  which  a  large  number  of  American  rivers  have  been  studied 

»  Water-supply  Papers  No.  236,  by  R.  B.  Dole,  1909;  No.  237,  by  Walton  Van  Winkle  and  F.  M.  Eaton, 
1910;  No.  239,  by  W.  D.  Collins,  1910;  No,  273,  by  H.  N.  Parker  and  E.  H.  S.  Bailey,  1911;  and  Nos.  339 
and  3r»3,  by  W.  Van  Winkle,  1914.  Water-Supply  Paper  No.  274,  by  Herman  Stabler,  also  contains  many 
analyses  of  river  waters. 
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with  remarkable  exhaustiveness.  For  each  river  or  lake  many 
analyses  were  made,  in  such  a  maimer  as  to  give  its  average  com- 
position for  an  entire  year.  As  a  rule,  samples  of  water  were  taken 
duly  and  combined  into  composite  samples  of  seven  to  ten,  which 
were  analyzed.  The  analyses,  however,  some  thousands  in  number, 
are  not  absolutely  complete.  Alumina,  for  example,  was  not  deter- 
mined, and  tbe  alkalies,  as  a  ride,  were  weighed  together  and  calcu- 
lated as  all  sodium.  Later  work,  by  Chase  Palmer,  corrected  the 
latter  omission,  and  I  have  been  able  to  recalculate  the  published 
analyses  with  the  introduction  of  Palmer's  figures  ^  for  Na  and  K. 
All  the  analyses  cited  in  the  following  pages  have  been  reduced  to 
tbe  uniform  standard  which  was  outlined  in  the  preceding  pages; 
but  the  original  figures  can  usually  be  f oimd  through  the  references 
to  the  literature.  In  addition  to  the  substances  enumerated  in  the 
analyses,  waters  contain  many  other  constituents  in  minute,  almost 
undeterminable  traces.  One  of  those,  fluorine,  has  recently  been 
determined  in  several  river  waters  by  A.  Gautier  and  P.  Clausmann.' 
The  quantities  found  ranged  from  0.02  to  0.6  milligram  per  liter, 
being  highest  in  waters  emerging  from  primitive  rocks. 

THB  ST.  LAWBBNOE  BASIN. 

For  geological  purposes  a  regional  classification  of  the  data  would 
seem  to  be  the  most  practicable,  for  the  members  of  a  river  system 
belong  naturally  together.  Taldng  North  American  rivers  first  in 
order,  let  us  begin  with  the  St.  Lawrence  and  its  tributaries.  The 
selected  analyses  are  as  follows: 

1  Supplied  by  Palmer.    Far  details  see  Bull.  U.  S.  Oeol.  Survey  No.  479, 1911. 
a  Compt.  Bend.,  voL  158, 1914,  p.  1380. 
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Analyics  of  voter  from  the  St,  Lawrence  5a«tn. 

A.  Lake  Sui)erior  at  Sault  8t«.  Mario.  Mean  of  11  analyses  of  samples  taken  monthly  between  Septem* 
ber  22, 1906,  and  August  22, 1907.  Other  analyses  of  LAke  Superior  water  hare  been  made  by  W.  A.  Noyw, 
Eleventh  Ann.  Rept.  Minnesota  OeoL  Survey,  1882,  p.  174;  by  W.  F.  Jackman,  dted  by  A.  C.  Lane  In 
Water-Supply  Paper  U.  S.  Geol.  Survey  No.  31. 1899,  p.  27;  and  by  G.  L.  Heath,  Rept.  State  Board  GeoL 
Survey  MidOgan,  1903,  p.  119. 

li.  Lake  Michigan  at  St.  Ignacc.  Moan  of  11  samples  taken  betweon  September  20,  1906,  and  Augost 
20, 1907.  Analyses  of  I^ake  Michigan  wat«r  at  Milwaukee  and  of  Milwaukee  River,  by  O.  Bode,  are  pub- 
lished in  Geolngy  of  Wisoonsin,  vol.  1.  1S83,  p.  306.  Another  analysis  of  the  lake  water,  by  J.  H.  Long, 
is  given  in  Report  on  the  boQer  waters  of  the  Chicago,  Burlington  &  Quincy  Railroad,  published  by  that 
company  in  1888. 

C.  Lake  Huron  at  Port  Huron.    Mean  of  0  samples  taken  between  September  21, 1906,  and  Jane  21, 1907. 

D.  I>ake  Erie  at  BufTalo.    Moan  of  11  samples  taken  between  September  19, 190G,  and  August  28, 1907. 

E.  The  St.  Lawrence  at  Ogdensburg.  Moan  of  11  samples  taken  between  September  18,  1906,  and 
August  19,  1907. 

Analyses  .\  to  E  by  R.  B.  Dole  and  M.  O.  Roberts.  See  Water-Supply  Paper  U.  8.  GeoL  Surrey  No. 
286. 

F.  The  St.  Lawrence  at  Pointe  des  Cascades,  near  Vaudreuil,  above  Montreal.  Analysis  by  T.  Steny 
Hunt,  ITiilos.  Mag.,  4th  ser.,  vol.  13, 1857,  p.  239. 

0.  The  St.  I^wronce  opposite  Montreal  Analysis  by  Norman  Tate,  cited  by  T.  MeUard  Reade,  in 
Evolution  of  earth  structure,  1903. 


^A 

B 

c 

D 

E 

F 

G 

CO, 

47.42 

3.62 

1.89 

.86 
o*)  40 

5.35 
1     5.52 

12.76 
.16 

49.45 

0.15 

2.31 

.26 

22.21 

7.01 

1     4.02 

&54 
.05 

47.28 

5.77 

2.42 

.38 

22.33 

6.52 

1     4.10 

11.16 
.06 

44.70 

9.83 

6.58 

.23 

23.45 

5.75 

1     4.92 

4.46 
.08 

45.70 

9.15 

5.87 

.23 

23.66 

5.49 

1     4.81 

5.03 
.06 

41.66 
5.19 
1.51 

44.43 

so. 

11.17 

CI 

2.41 

NO, 

Ca 

20.08 
4.52 
3.20 

.72 
23.12 

20.67 

Mg 

6.44 

Na 

4.87 

K 

SiO, 

10.01 

Fe,Oa 

A    V/JV^g  .     .     .............. 

SaUnity,  parts  per  mil- 
lion   

100.00 
0.60 

100.00 
118 

100.00 
108 

100.00 
133 

100.00 
134 

100.00 
160 

100.00 
148 

The  following  analyses  represent  tributaries  to  the  St.  Lawrence:* 

Analyses  of  water  from  tributaries  to  the  St,  Lawrence, 

II.  Pigeon  River,  Minnesota.  Analysis  by  W.  A.  Noyes,  Eleventh  Ann.  Rept.  Minnesota  Oeol.  Survey, 
1882,  p.  174. 

I.  Grand  River  at  Grand  Rapids,  B£ichigan.  Mean  of  34  composites  of  samples  taken  between  October 
1, 1900,  and  October  5, 1907.    Analyses  by  R.  B.  Dole,  M.  G.  Roberts,  C.  Palmer,  and  W.  D.  Collins. 

J.  Kalamazoo  River  near  Kalamazoo,  Michigan.  Moon  of  35  composites,  September  19,  1906,  to  Sep* 
tcmbcr  21, 1907.    Samo  analysts  as  under  I. 

K.  Maumec  River  at  Toledo,  Ohio.  Mean  of  3G  composites  taken  between  September  9,  190(i,  and 
Octol)er  7, 1907.    Dole,  Roberts,  and  Palmer,  analysts. 

L.  Genesee  River  at  Rochester,  New  York.  Analysis  by  C.  F.  Chandler,  cited  by  I.  C.  Russell  in  Men. 
U.  S.  Ocol.  Survey,  vol.  11, 1885,  opp.  p.  176. 

M.  Oswcgatcliic  River  at  Ogdensbiu^,  New  York.  Mean  of  35  composites,  September  9,  1906,  to  Sep- 
toml>cr  9, 1907.    Same  anolj-sts  as  imder  I. 

N.  Ottawa  River  at  Ottawa,  Canada.  High  water,  July,  1907.  Analysis  by  F.  T.  Shutt  and  A.  G. 
Spencer,  Trans.  Roy.  Soc.  Canada,  3d  ser..  vol.  2, 1908,  p.  175.    Another  incomplete  analysis  is  also  given. 

O.  Lake  Champlain.  Average  of  five  anal>*scs  of  samples  taken  in  the  brood  lake,  by  M.  O.  Lei^ton, 
Water-Supply  Paper  U.  S.  Gool.  Survey  No.  121,  1905.  This  paper  contains  analj^es  of  water  from  the 
upper  end  of  the  lake,  of  Bouquet  River,  and  of  Ticonderoga  Creek. 

Analyses  I,  J,  K,  and  M,  from  Water-Supply  Paper  236,  contain  corrections  for  the  alkalies  as  furnished 
by  I'.'ilmor.  An  earlier  analysis  of  water  from  the  Maumee,  by  Chandler,  ond  one  of  the  Ottawa,  by  T.  S. 
Hunt ,  arc  given  in  the  first  edition  of  this  book  (Bullctia  330). 


1  Other  tributaries  that  have  been  analyzed  are  as  follows:  Goose  Lake,  Michigan  (Geol.  Sun-ey  Michigan, 
vol.  8.  pt.  3,  1903,  p.  235);  Torch  I/ake,  Portage  Lake,  Pine  River,  Thunder  River  (Rept.  State  Board 
Gool.  Survey  Michigan,  1903);  Traverse  Bay,  Detroit,  Shiawassee,  Grand,  Cass,  Chippewa,  Tittabawassoo, 
and  Boardman  rivers,  Manistee  and  Muskegon  lakes,  cited  by  A.  C.  Lane  in  Wator-Supply  Paper  IT  8, 
Creel.  Siu-vey  No.  31, 1903. 
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Analy9es  of  vnUer  from  tribularies  to  the  St.  Laurence — Continued. 
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5.13 
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44.37 
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3.00 

.89 

21.85 

7.42 

3.20 

.89 
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47.32 

9.54 

1.41 

.79 

22.82 

7.47 

2.87 

.70 

7.05 

.03 
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29.63 

16.25 

13.56 

1.52 

19.29 

5.44 

6.79 

1.62 

5.78 
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298 


37.94 

25.29 

1.41 
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5.29 
2.59 
1.36 
.82 
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12.24 
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1. 
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58 
74 
51 
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03 
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77 
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o 


45.81 
11.03 

1.78 


} 


21.19 
4,21 
8.80 

5.58 
1.60 


100.00 

67 


a  Includes  small  amounts  of  rO«  and  MnjO^. 

Between  these  waters  there  are  distmct  resemblances,  in  that  car- 
bonates are  the  predominating  salts  and  calcium  is  the  chief  metal. 
Ottawa  River  is  characterized  by  high  silica;  but  the  Genesee  and  the 
Maumee,  which  flow  through  areas  of  sedimentary  rocks,  contain  a 
larger  proportion  of  sulphates.  The  increase  in  salinity  or  concen- 
tration in  passing  from  Pigeon  River,  at  the  head  of  Lake  Superior, 
to  the  St.  Lawrence  at  Montreal  is  also  noteworthy.  The  two  Mont- 
real analyses,  F  and  G,  are,  however,  far  from  concordant  and  can 
not  be  given  much  weight. 

According  to  estimates  made  by  engineers  of  the  United  States 
Army,  the  flow  of  the  St.  Lawrence  past  Ogdensburg  is  248,518  cubic 
feet  per  second.  This,  with  a  salinity  of  134  parts  per  million,  cor- 
responds to  a  transport  of  dissolved  matter  of  29,722,000  metric  tons 
annually.  The  area  drained,  exclusive  of  water  surface,  is  286,900 
square  miles,  and  from  each  square  mile  103.6  tons  arc  removed  in 
solution  each  j^ear. 

THE  ATLANTIC  SLOPE. 

For  the  rivers  and  lakes  of  the  Atlantic  slope  south  of  the  St.  Law- 
rence the  data  are  now  fairly  abundant.  The  following  analyses  are 
the  most  useful.  In  all  of  them  bicarbonates  are  reduced  to  normal 
form,  and*organic  matter  is  omitted  from  the  calculation. 
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Analyses  of  waters  of  Atlantic  slope — J. 

A.  Moosehead  Lake,  Maine. 

B.  Rangeley  Lake,  Maine. 

C.  AnditMooggin  Rivor  at  Brunswick,  Maine,  above  tbe  falls.  Average  of  38  analj-ses  of  weekly  samplct 
taken  between  April  25, 1005,  and  January  16, 1906.  Analyses  A,  B,  and  G  made  by  F.  C.  Rolrinaan,  for 
the  water-resources  brandi  of  the  United  States  Geological  Survey.  C  as  recalculated  by  Dole  in  Water- 
Supply  Paper  336.    The  undetermined  COg  Is  computed  to  satisfy  bases. 

D.  Merrimack  Rlverabove  Concord,  New  Hampshire.  AnalysisbyH.E.  Barnard  for  the  water-xesoureci 
branch  of  the  Geological  Survey. 

£.  Hudson  River  at  Hudson,  New  York.  Mean  analysis  of  36  weekly  composites  tak«D  between  Sep* 
tember  16, 1906,  and  September  23, 1907.  Analyses  by  R.  B.  Dole,  M.  G.  Roberts,  C.  Palmer,  and  W.  D. 
Collins,  Water^upply  Paper  236,  1909.  Analyses  by  C.  F.  Chandler  of  water  from  the  Hudson  and  Its 
tributaries,  the  Mohawk  and  the  Croton,  are  dted  in  the  first  edition  of  this  book  (Bulletin  ao). 

F.  Raritan  River  at  Bound  Brook,  New  Jersey.  Mean  ot  35  composite  samples  taken  betwesn  0fp> 
tember  10, 1906,  and  September  12, 1907.  Same  analysts  and  reference  as  under  E.  Analyses  of  seTsial 
New  Jersey  streams  are  given  by  A.  H.  Chester  in  the  report  on  water  supply,  New  Jersey  GeoL  Surrey 
1894.  An  analysis  of  water  from  Passaic  River,  by  E.  N.  Horsford,  Is  published  in  Geokgy  of  New  Jcfsey, 
1808,  p.  703;  and  another  by  H.  Wurts  in  Am.  Chemist,  vol.  4, 1873,  pp.  99, 133. 

G.  Delaware  River  at  Lambertville,  New  Jersey.  Mean  of  34  composite  samples,  September  8, 1906, 
to  September  12, 1907.  Same  analysts  and  reference  as  under  E.  A  similar  average  analysis  of  the  Lehigh 
is  also  given  by  Dole.  For  an  earUer,  single  analysis  of  Delaware  water  see  H.  Worts,  Am.  Jour.  Sd., 
2d  ser.,  vol.  22, 1856,  p.  125.  Analyses  of  water  from  the  Schuylkill  are  given  by  C.  M.  Cresson  in  a  report 
entitled  "  Results  of  examinations  of  water  from  the  River  SchuylkiU,"  Philadelphia,  1875. 

H.  Susquehanna  River,  at  Danville,  Pennsylvania.  Mean  of  36  composite  samples,  September  10, 1906, 
to  September  17, 1907.  Same  analysts  and  reference  as  under  E.  Similar  annual  averages  for  the  river  at 
West  Pittston  and  Willlamsport  are  also  given  by  Dole.  The  Susquehanna  shows  the  effects  of  oontamina- 
tion  by  coal-mine  drainage. 

In  analyses  E,  F,  G,  and  II  the  alkalies  are  ^vcn  as  corrected  by  Palmer. 
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1.60 

17.49 
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.15 


100.00 
70 
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Analyses  A  and  B  are  rcmarkablo  because  of  their  relatively  high 
content  in  alkaline  chlorides.  These  waters,  however,  are  very  dilute, 
and  the  absolute  quantity  of  chlorides  in  them  is  probably  no  more 
than  they  would  receive  from  rainfall.  The  Androscoggin  rises  in 
the  Rangeley  Lakes,  but  the  composition  of  its  water  is  profoundly 
modified  by  drainage  from  factories  and  pulp  mills.  Its  headwaters, 
flowing  from  a  region  of  crystalline  rocks,  mainly  granitic^  are  re- 
markably pure. 
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ATialyiis  of  waters  of  Atlantic  slope — //. 

L  Potomae  River  at  Cumberlaod,  Maryland.    Mean  composition  of  36  composite  samples  taken  betwc 
September  11,  1906,  and  September  14,  1907.    Analyses  by  Dole,  Roberts,  Palmer,  and  Collins. 

J.  Shenandoali  River  at  IfiUville,  West  Virginia.  Composite  of  36  samples,  September  12,  1906,  to 
September  9. 1907.     Same  analysts  as  mider  I. 

K.  Potomac  River  above  Great  Falls,  liaryland.  Average  of  twelve  samples  taken  at  intervals  of  one 
month  between  April,  1904,  and  April,  1905.  Analyses  by  Raymond  Out  water,  Water-Supply  Paper 
U.  8.  Geo!.  Survey  Ko.  192,  1907,  pp.  396-297.  This  report  contains  thirty-four  other  analyses  of  water 
fromtbe  upper  Potomac  and  its  important  tributaries. 

L  James  River  at  Richmond,  Virginia.  Composite  of  36  samples,  September  10,  1906,  to  September 
9, 1907.  Same  analysts  as  under  I.  A  thesis  by  A.  F.  White,  Washington  and  Lee  University,  1906,  ooa- 
tains  partial  analyses  of  tributaries  of  the  James  near  Lexington,  Virginia.  See  also  an  analysis  of  Jam« 
RiTer  water  by  ^W.  H.  Taylor,  Rept.  to  Richmond  Board  of  Health,  1877,  dted  in  the  first  edition  of  tlds 
book  (Bulletin  330). 

M.  Dan  River  at  Sootli  Boston,  Virginia.  Composite  of  21  samples,  September  3,  1906,  to  May  2, 1907. 
Doii,  BobertSy  and  Palmer,  analysts. 

N.  Roanoke  River  at  Raadoli^,  Virginia.  Composite  of  20  samples,  September  7, 1906,  to  May  12, 1907. 
Same  analysts  as  tinder  M. 

0.  Neose  River  at  Raleigh,  North  Carolina.  Composite  of  36  samples,  October  1,  1906,  to  October  19, 
1907.  Same  analysts  as  under  I. 

An  the  analyses  in  this  table  except  K  are  recalculated  from  Water-Supply  Paper  236,  with  the  aUmH 
detenninaticns  as  corrected  by  Palmer.    Each  composite  sample  represents  ten  daily  collections. 
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2.95 

.67 

12.74 
4.69 
6.70 
1.47 

28.15 

24.93 
4.90 

a. 

6.34 

NO, 

.43 

Ca.. 

8  50 

Mg     

2  59 

nI:.;::::: 

10  09 

K 

1  87 

SiO, 

37.47 

ALO, 

^ajv/| .......... 

FcO. 

.15 

.07 

.85 

2.51 

1.74 

2  88 

A  v^Vf}  .......«-.«••.. 

Salinity,    i>arts    per 
million 

100.00 
130 

100.00 
140 

100.00 
115 

100.00 
89 

100.00 
71 

100.00 
79 

100.00 
73 

The  first  three  analyses  in  the  foregoing  table  are  peculiarly  sug- 
gestive. The  Potomac  at  Cumberland  shows  the  effect  of  drainage 
from  coal  mines.  The  Shenandoah  adds  to  the  Potomac  a  large 
volume  of  water  which  is  little  contaminated  and  which  represents 
to  a  considerable  extent  the  influence  of  a  limestone  country.  At 
Great  Falls  the  Potomac,  modified  by  its  numerous  affluents,  ap- 
proaches the  normal  or  average  type  of  river  waters.  According 
to  estimates  made  by  Outwater  the  Potomac  annually  carries  past 
Point  of  Rocks  771,000,000  kilograms  of  dissolved  matter  and 
212,000,000  kilograms  of  solids  in  suspension,  or  sediments.  The 
sum  of  the  two  quantities  is  983,000  metric  tons,  or  a  little  over  102 
metric  tons  per  square  mile  of  the  territory  drained.  The  dissolved 
matter  corresponds  to  80  tons  per  square  mile. 
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DATA  OF  GEOCHEMISTRY. 


Analysis  of  uaiers  of  Atlantic  slope — III, 

Y.  Cape  Fear  River  at  Wilmington,  North  Carolina.  Mean  analysis  o(  30  composite  samples  taken 
between  October  2,  1906,  and  October  9,  1907.  Dole,  Roberts.  Palmer,  and  Collins,  analyste.  Water 
probably  modlQed  by  tidal  contamination. 

Q.  Poodee  Rirer  near  Peedee,  North  Carolina.  Mean  of  24  composites,  October  SB,  1006,  to  October  19, 
1907.    Dole,  Palmer,  Collins,  and  J.  R.  E\'ans,  analysts. 

R.  Saluda  River  near  Columbia,  8ciith  Carolina.  Meon  of  10  composites,  October  27,  1906,  to  May  3, 
1907.    Evans,  ana]>Tt. 

8.  Wateree  River  near  Camden,  South  Carolina.  Mean  of  34  composites,  October  21,  1906,  to  October 
25, 1907.    Dole,  E\*ans,  Palmer,  and  Collins,  analysts. 

T.  Ra\'annah  River  near  Augusta,  Georgia.  Mean  of  34  composites.  October  25, 1906,  to  October  22, 1907, 
Same  analysts  as  under  Q. 

V.  Ocmulgee  River  near  Macon,  Georgia.  Mean  of  33  composites,  October  19, 1906,  to  October  21, 1907. 
Same  analysts  os  under  Q. 

V.  Oconee  River  near  Dublin,  Georgia.  Mean  of  32  composites,  October  18,  1900,  to  October  17, 1907. 
Same  analysts  as  imdcr  Q .  Analyses  P  t  o  V  are  from  Water-Supply  Paper  236.  Potassium  determlnatloiis 
supplied  by  Palmer. 

W.  Lake  Okediobee,  Florida.  Analysis  by  W.  T.  Read,  cited  by  R.  B.  Dole  in  Carnegie  Inst.  Wash. 
ington  Pub.  No.  182, 1914,  p.  7r).    Bicarbonates  reduced  to  normal  carbonates,  organic  matter  omitted. 


CO, 

S04 

CI 

N03 

Ca 

Mg 

Na. 

K 

SiOj 

FeaOa 

Salinity',    parts    per 
millions 


26.  57 

6.91 

12.52 

.43 

10.80 

3.24 
14.04 

1.95 
21.38 

2.16 


100.00 
57 


23.33 

5.95 

4.60 

.89 

10.25 
1.93 

10.99 
2.82 

38.65 
.59 


100.00 
69 


26.01 

8.01 

5.61 

.69 

13.46 
2.08 

9.62 

33.65 
.87 


} 


100.00 
62 


25.15 
6.:« 
4.22 
.60 
9.49 
2.71 

10.84 
2.41 

37.65 
.60 


100.00 
73 


22.49 
9.12 
3.19 
.91 
8.67 
1.22 

14.42 
4.12 

34.95 
.91 


21.06 
7.48 
4.28 
1.07 
9.62 
1.83 

10.23 
2.90 

39.70 
1.83 


100.00 
60 


100.00 
69 


26.00 
8.86 
4.86 
1.43 

12.14 
2.29 

10.14 
2.85 

30.00 
1.43 


100.00 
68 


w 


35.96 
4.69 

l&OO 
.06 

19.93 
4.50 

10.28 

1.28 

6.27 

.03 


100.00 
155.6 


The  water  of  Lake  Okechobee  is  remarkably  high  in  sodium  and 
chlorine.     Is  this  due  to  cyclic  salt  brought  down  in  rain  ? 


Analyses  of  eastern  tributaries  to  the  Gulf  of  Mexico. 

A.  Flint  River  near  Albany,  Georgia.  Mean  analysis  of  20  composite  samples  taken  between  October 
23,  1906,  and  May  12,  1907.    J.  R.  Evans,  analyst. 

B.  Chattahoochee  River  at  West  Point,  Georgia.  Mean  of  34  composites,  October  26, 1906,  to  October, 
IS,  1907.    Dole,  Evan.s,  Palmer,  and  Collins,  analysts. 

C.  Oostanaula  River  near  Rome,  Georgia.  Mean  of  31  composites,  October  21, 1906,  to  October  28, 1907. 
Same  analysts  as  under  B. 

D.  Cahaba  River  near  Birmingham,  Alabama.  Mean  of  30  composites,  November  1, 1906,  to  November 
1,  1907.  Same  analysts  as  under  B.  For  a  single  analysis  of  water  from  the  Cahaba  see  R.  8.  Hodges, 
Gcol.  Survey  Alabama,  Underground  water  resources,  1907.  Thisrcportcontainsmany  analyses  of  springs 
and  wells. 

E.  Alabama  River  at  Selma,  Alabama.  Mean  of  33  composites,  November  5, 1906,  to  October  17, 1907, 
Evans,  Dole,  Palmer,  Collins,  and  W.  Van  Winkle,  analysts. 

F.  Tombigbeo  River  near  Epes,  Alabama.  Mean  of  33  oomi>ositC!:,  October  24, 1906,  to  October  24, 1907. 
Same  analysts  as  under  B. 

O.  Pearl  River,  near  Jackson,  Mississippi.  Mean  of  32  composites,  October  16, 1906,  to  October  19, 1907. 
Same  analysts  as  under  B. 

All  th?  analyses  in  this  table  are  rocalcalated  from  Water-Sapply  Paper  236  and  indade  later  alkali 
dotorminations  by  Palmer. 
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AnalgsU  ofeatUm  triqutarieg  to  the  Oulfo/  JVmco— Continued. 


A 

B 

c 

D 

E 

F 

0 

CO, 

22.^73 

8.95 

4.17 

.90 

13.12 
2.09 

I  10.44 

> 

35.77 
1.83 

21.32 
8.49 
3.96 
L32 
9.06 
1.51 

12.08 
3.40 

37.73 
1.13 

32.06 

5.04 

2.21 

.50 

14.74 
3.19 
9.60 
1.96 

29.48 
1.22 

32.53 

1L18 

2.79 

.76 

16.52 
3.17 
8.78 
3.18 

20.33 
.76 

27.86 
10.63 

2.72 

.83 

15.35 

3.42 
11.33 

2.12 

24.79 

.95 

33.34 

6.37 

3.03 

.61 

18.18 
1.82 
8.18 
2.32 

25.25 
.90 

25.29 

SO4 

CI 

10.31 
5  48 

xo, 

1  12 

Ca 

Mg 

11.43 
1.77 

nI. 

K 

SiCU 

11.59 

3.22 

28.99 

Fe»0, 

80 

rnillirin..  ,^ . 

100.00 
C7 

100.00 
52 

100.00 
82 

100.00 
76 

100.00 

82 

100.00 
94 

100.00 
59 

• 

A  glance  at  the  foregoing  table  and  the  two  immediately  preceding 
it  reveals  a  remarkable  similarity  between  the  waters  of  the  southern 
rirers  from  the  James  to  the  Pearl  inclusive.  All  are  low  in  salinity 
and  relatively  high  in  silica  and  the  alkalies.  In  several  of  the 
analyses  the  alkaline  radicles  are  in  excess  of  calcium.  River  waters, 
in  shorty  seem  to  exhibit  distinct  regional  peculiarities,  which,  in 
most  cases,  if  not  in  all,  are  due  to  the  geology  of  the  region  traversed. 
These  waters,  with  one  or  two  exceptions,  flow  from  areas  of  c?rystal- 
line  schists,  and  owe  little  to  sedimentary  environments. 


THE  laSSISSIPPI  BASIN. 

For  the  great  river  system  of  the  Mississippi  the  chemical  data  are 
abundant,  but  of  very  unequal  value.  The  river  itself  has  been 
studied  from  near  its  source  to  near  its  mouth,  and  the  waters  of 
many  tributaries  have  also  been  analyzed.  Taking  the  Mississippi 
itself  first,  the  useful  data  are  as  follows,  arranged  in  order  going 
soathward. 
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DATA  OF  GEOCHEMISTRY. 


Analyses  of  water  from  Mississippi  River, ^ 

A.  Mississippi  RiTer  at  Brainerd,  Minnesota.  Analysis  by  C.  F.  Sideficr,  Thirteenth  Ann.  Rept.  QeoL 
Nat.  Hist.  Survey  Minnesota,  1884,  p.  102. 

B.  Mississippi  River  at  Minneapolis,  Minnesota.  Average  of  35  analyses,  by  W.  M.  Barr,  H.  8.  Bpaold- 
Ing,  and  W.  Van  Winkle,  of  samples  each  formed  by  ten  daily  collections  between  September  10, 1906» 
and  September  11,  1907. 

C.  Mississippi  River  near  Molinc,  Illinois.  Mean  of  18  composite  samples  taken  between  February  1« 
and  July  31,  1006.    W.  D.  Collins,  analyst. 

D.  Mississippi  River  near  (^ulncy,  Illinois.  Mean  of  26  composite  samples  taken  between  August  1, 
1906,  and  July  31,  1907.    W.  D.  Collimt,  analyst. 

E.  Mississippi  River  near  Chester,  Illinois.  Mean  of  31  composite  samples  taken  between  August  1, 
1906,  and  July  31, 1907.    W.  D.  Collins,  analyst. 

F.  Mississippi  River  at  Memphis,  Tennessee.  Mean  of  35  composite  samples  taken  between  January 
10, 1907,  and  January  1, 1908.  Analyses  by  J.  R.  Evans,  W.  Van  Winkle,  R.  B.  Dole,  Chase  Palmer,  and 
W.  D.  Collins.    Later  alkali  determinations  by  Palmer. 

(}.  Mississippi  River  above  Carrolton,  Ix>uisiana.  Analysis  by  C.  H.  Stone,  Science,  vol.  22,  1905,  p. 
472.    Sample  taken  6  feet  below  surface.    Recalculated  f^om  bicarbonatcs. 

II.  Mississippi  River  at  New  Orleans.  Mean  of  52  composite  samples  taken  daily  between  April  29^ 
1905,  and  April  28,  1906.    J.  S.  Porter,  analyst. 

The  analyses,  except  A  and  (• ,  are  recalculated  from  the  figures  given  by  Collins  in  Water-Supply  Paper 
239  and  Dole  in  Water-Supply  Paper  236. 


CO,. 

S04. 

CI.. 

NO,. 
PO.. 


51.65 

1.05 

.48 


Ca 

Mg... 

Na.... 

K.... 

SiOo... 

AlA- 
Fe,0,. 

Mn,04. 


22.94 
4.09 
5.14 
1.75 
9.40 
2.01 
1.49 


B 


48.03 
9.35 

.83 
.73 


} 


20.77 
7.27 
5.19 

7.78 


.05 


42.27 

13.58 

2.09 

1.01 


} 


18.68 
7.35 
5.65 

9.09 


28 


Salinity,    parts    per 
million 


100.00 
195 


100.00 
200 


100.00 
179 


43. 15 

12.55* 

2.21 

1.10 


} 


18.06 
8.03 
5.52 

9.03 


.35 


100.00 
203 


3^23 

21.74 

3.79 

1.05 


30.23 

20.50 

4.10 

.81 


} 


17.08 
6.22 
8.15 

&54 


.20 


100.00 
269 


17.16 
5.72 
a09 
1.52 

11.44 


.43 


100.00 
202 


a 


30.27 

34.98 

19.69 

15.37 

11.05 

a  21 

1.60 

.27 

20.25 

4.66 

6.86 

1.57 

5.07 

.12 

.08 

.11 


100.00 
146 


} 


20.50 
5.38 
&33 

7.06 
.45 
.13 


loaoo 

166 


a  For  two  analyses  of  Mississippi  water,  token  above  and  below  Minneapolis,  see  J.  A.  Dodge,  Tenth 
Ann.  Rept.  Geol.  Nat.  Hist.  Survey  Minnesota,  1882,  p.  207.  These  analyses  are  given  in  the  flnt  edition 
of  tliis  book.  Bailey  Willis  (Jour.  Geology,  vol.  1, 1893,  p.  500)  cites  some  Imperfect  analyses  of  the  Missis- 
sippi and  ML<isouri  near  St.  Louis.  Iowa  C>eol.  Survey,  vol.  6,  1896,  p.  365,  contains  other  analsrses  of 
Mississippi  water,  and  also  of  Missouri.  C«dar,  Des  Moines,  Coon,  Boyer,  Wapsipinicon,  Skunk,  Charlton, 
(irand,  Nodaway,  and  West  NLshnaboina  rivers.  These  too  are  incomplete.  The  early  analyses  of  Missis- 
sippi water  by  Avequin  and  by  Jones  are  of  no  value  for  present  purposes.  Partial  analyses,  containing 
some  useful  data,  are  given  in  Report  of  the  sewage  and  water  board,  Kew  Orleans,  1903.  These  relate  to 
the  lower  Mississippi  near  New  Orleans. 

This  table  tells  a  definite  story.  The  upper  Mississippi  is  low  in 
sulphates  and  chlorides,  which  tend  to  accumulate  in  the  lower 
stream.  The  chlorides  come  in  part  from  human  contamination,  a 
subject  to  be  considered  later;  but  more  largely,  together  with  sul- 
phates, from  western  tributaries,  notably  from  the  Missouri.  At 
New  Orleans,  also,  there  is  probably  some  "cyclic  sodium"  brought 
in  rainfall  from  the  Gulf  of  Mexico.  On  the  whole,  carbonates  pre- 
dominate in  the  Mississippi  water,  with  all  else  subordinate. 
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Tlie  next  table  gives  analyses  of  waters  tributary  to  the  upper 
l&ssissippi  ^thin  the  States  of  Minnesota  and  Wisconsin.^ 

Aruilywes  of  waters  tributary  to  upper  Mieneeippi  River, 

A.  Lake  Mtanetonka.    Analysis  by  W.  A.  Noyes,  Oeology  of  Minnesota,  vol.  2,  1888,  p.  311. 

B.  UiOe  Lacs  Lake.     Analy^  by  J.  A.  Dodge,  Geology  of  Minnesota,  vol.  4, 1809,  p.  38. 

C.  Bigstone  Lake.  Analysis  by  C.  F.  Sidener,  Thirteenth  Ann.  Kept.  Geol.  Nat.  Hist.  Survey  Minne* 
loU,  ISM,  p.  98.     Kxnpties  into  Minnesota  River. 

D.  Heron  Lake.  Analysb  by  Noyes,  Eleventh  Ann.  Rept.  Qeol.  Nat.  Hist.  Survey  Minnesota,  1883^ 
p.  1<3.   Empties  into  I>es  Moines  Riv^. 

E.  Rock  River  at  Luvemc,  Minnesota.  A  tributary  of  Sioux  River.  Analysis  by  Noyes,  Geology  of 
Minnesota,  vol.  1,  1S84,  p.  550. 

F.  Minnesota  River  at  Shakopee,  Minnesota.  Mean  analysis  of  30  composite  samples  taken  between 
Sep(emb9  24,  1906,  and  October  1,  1907.  W.  M.  Barr,  H.  S.  Spaulding,  W.  Van  Winkle,  R.  B.  Dole^ 
C.  Pklmer,  and  W.  D.  Collins,  analysts.    Alkali  determinations  as  corrected  by  Palmer. 

0.  Chippewa  River  near  Eaa  Claire,  Wisconsin.    Mean  of  35  composites,  September  14, 1906,  to  Sep- 
'  texnber  12, 1907.     Barr,  Spaulding,  and  Van  Winkle,  analysts. 

H.  Wisconsdn  River  near  Portage,  Wisconsin.    Mean  of  94  composites,  September  11, 1906,  to  May  17, 
1907.  Same  analysts  as  under  0. 
Analyses  F,  O,  H  are  recalculated  f^m  the  figures  given  by  Dole  in  Water-Supply  Paper  236. 


A 

B 

c 

D 

E 

F 

G 

H 

C03 

so,       

5^81 

59.03 
.88 
.59 

20.13 

34.36 

1.65 

42.65 
18.62 
1.14 
1.39 
20.71 
8.00 
2.94 
1.32 
2.61 

}    .62 

47.94 

8.64 

.44 

"26."5i' 
7.43 
3.31 

.51 
7.65 
3.21 

.36 

31.59 

31.26 

1.02 

.43 

17.81 

7.61 

4.12 

1.15 

4.09 

.02 

30.49 

18.09 

1.42 

.78 

16.80 

6.07 

no.  46 

15.50 
.39 

31.43 
18.74 

CI         

.72 

2.31 

NO. 

.99 

Ca..'.'.''". 

25.52 
7.23 
1.03 
2.32 
4.37 

15.25 
10.71 
6.68 
2.24 
2.97 
L66 

8.00 
8.61 
6.69 
1.01 
19.26 
.29 

15.44 

7.50 

1     8.93 

K 

8iO,            

14.33 

Fe,0,     

.33 

ALO,         

.iUJV/}  ...-..--«.--••-• 

Salinity,    parts    per 
million ... --.-. 

100.00 

no 

100.00 
144 

100.00 
554 

100.00 
272 

100.00 
275 

100.00 
480 

100.00 
90 

100.00 
98 

'For  analyses  of  several  other  Minnesota  waters,  see  Water-Supply  Paper  U.  S.  Geol.  Survey  No.  193, 
1907,  p.  133.  Analyses  of  water  tnrn  a  number  of  Wisconsin  lakes  are  given  by  E.  A.  Birge  and  C.  Juday 
in  Boll.  Wisconsin  QeoL  and  Nat.  Hist.  Survey  No.  22, 1911,  pp.  170, 171. 
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The  following  table  gives  analyses  of  waters  tributary  to  the  Mis- 
sissippi in  Illinois  and  Iowa:' 

Analyseg  of  tributarks  in  lUinoii  and  Iowa. 

A.  Rock  RiTcr  near  Sterliiic»  lUiiMiis.    Mean  aiuilyBis  of  36  composito  samples  takto  between  August  1, 

1906,  and  July  JU,  1907.    W.  D.  ColUiis,  analjrst.    Collins  also  gives  a  similar  annual  average  fer  the 
river  at  Rockford. 

D.  Illinois  River  near  Kompsville,  Illinois.  Mean  of  36  oompQiitr8»  August  1,  li»6»  to  July  31, 1987. 
CoUins,  analyst.    He  also  gives  similar  analyses  for  the  riverncarLasaUe  and  Pooria. 

C.  Kaskaskia  River  at  Carlylc,  Illinois.  Mcanof34composites,  August  1,1906,  to  July  31»  1007.  Caflins» 
analyst.    A  similar  average  is  given  for  tbe  river  near  Bhelbyv ille. 

D.  Cedar  River  near  Cedar  Rapids,  Iowa.    Mean  of  37  composites,  September  6,  1906,  to  S^>tember  17, 

1907.  W.  M.  Barr,  U.  8.  Spaulding.  and  W.  Van  Winkle,  analysts. 

E.  Iowa  River  at  Iowa  City,  Iowa.  Mean  of  36  composites,  September  6»  1906,  to  September  16, 1907. 
Same  analysts  as  under  D. 

F.  Des  Moines  River  at  Keosauqua,  Iowa.  Mean  of  36  composites,  September  10, 1906,  to  September  9, 
1907.    Same  analysts  as  under  D. 

Analyses  A«  B,  and  C  are  recalculated  from  the  figures  given  by  Collins  in  Water-Supply  Paper  SS9; 
the  others  are  from  Dole,  Water-Supply  Paper  236. 

Collins  also  gives  anniial  averages  for  the  oompositton  of  the  waters  of  Kankakee,  Fox,  VemiUea, 
Sangamon,  Muddy,  Embarrass,  Utile  Wabash,  and  Cache  rivers.  In  all,  19  rivers  were  studied,  including 
the  Mississippi. 


00, 

804 

CI 

NO, 

Ca 

Mg 

Na 

K 

SiO, 

FejO, 

Salinity,  parts  per  million 


A 

B 

c 

D 

1 
E 

48.56 

'  38.42 

42.13 

44.80 

42.17 

9.34 

16.30 

13.64 

13.08 

14.70 

2.06 

5.82 

2.77 

1.48 

1.47 

1.42 

1.67 

1.92 

1.35 

1.15 

18.30 

18.24 

18.86 

20.91 

20.00 

10.09 

7.76 

8.02 

6.97 

6.94 

1  4.48 
6.60 

\     6.98 
4.65 

\     5.62 
6.84 

\     5.23 
6.10 

1  5.67 
7.76 

.15 

.16 

.20 

.08 

.14 

100.00 

100.00 

100.00 

100.00 

100.00 

267 

267 

248 

228 

247 

} 


34.96 
23.  S7 
1.58 
1.09 
19.  Ot 
6.91 
5.59 

7.24 
1.7 


100.00 
312 


In  the  following  table  I  give  analyses  of  waters  which  reach  the 
Mississippi  from  the  eastward  by  way  of  the  Ohio.^  For  the  Ohio 
itself  I  have  found  no  satisfactory  data. 

1  In  Iowa  Qool.  Survey,  Ann.  Rcpt.  26,  for  1915,  p.  29,  G.  A,  Gabriel  gives  analyses  of  water  from  Raccoon 
Dcs  Moines,  Cedar,  and  Iowa  rivers. 

*  An  analjrsis  of  Monongahela  water  by  C.  D.  Howard  and  one  of  water  from  the  Cumberland  by  N. 
Lupton  arc  given  in  the  first  edition  of  this  book  (Bulletin  330). 
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Analyses  of  waters  tributary  to  Ohio  River. 

L  Vikgheny  Riverat  Kittanning,  Penosyivania.  Mean  analysis  of  36  composite  samples  taken  between 
9epteciber  13, 1906,  and  Soptember  10,  1907.    R.  B.  Dole,  M.  G.  Roberts,  and  C.  Palmer,  analysts. 

B.  Monongahela  River  at  Elizabeth,  Pennsylvania.  Mean  of  37  composites,  August  25, 1906,  to  Septem- 
bn  2, 1007.  Same  analysts  as  under  A .  Bole  also  gives  an  annual  average  for  the  composition  of  Youghlo- 
ibcnj  w  ater. 

C.  llnvlnngnm  Ri vcr  at  ZancsWUe,  Ohio.  Mean  of  27  composites,  September  3, 1906,  to  September  13, 
S07.  Same  analysts  as  under  A. 

D.  lCi«ini  River  at  I>ayton,  Ohio.  Mean  of  34  composites,  September  16,  1906,  to  September  17,  1907. 
Dote,  Roberts,  Palmer,  and  Collins,  analysts. 

E.  Ea^  Fork  of  White  River  near  Azalla,  Indiana.  Moan  of  37  composites,  September  12,  1906,  to 
October  3, 1907.    BaiTy  SpaukUng,  Van  Winkle,  Dole,  Palmer,  and  Collins,  analysts. 

?.  AVcn  Fork  of  White  River  near  Indianapolis,  Indiana.  Mean  of  35  composites,  September  8,  1906, 
toSstifsiber  12, 1907.    Barr,  Spaokling,  and  Van  Winkle,  analysts. 

G.  Wabash  River  at  Vinoennes,  Indiana.  Mean  of  31  composites,  Septembers,  1906,  to  September  1, 
1S07.  Same  analysts  as  under  F. 

B.  Kentocky  River  at  Frankfort,  Kentucky.  Mean  of  36  composites,  August  28, 1906,  to  September  4, 
M07.  Same  analysts  as  under  D. 

L  Ctunbcrland  River  at  Kuttawa,  Kentucky.  Mean  of  34  composites,  January  11, 1907,  to  January  11, 
IMl  Evans,  Dole,  Palmer,  and  Collins,  analysts.  Another  average  is  given  for  the  water  near  Nashville, 
Tennessee. 

J.  T^nmesaee  River  near  Oiibertsville,  Kentucky.  Mean  of  33  composites,  October  24, 1906,  to  October 
24, 1908.  Van  Winkle,  Dole,  Palmer,  and  Collins,  analysts.  Another  average  is  given  for  the  water  at 
Kmwille,  Tennessee. 

AU  the  analyses  In  this  series  are  recalculated  firom  the  figures  given  by  Dole  in  Water-Supply  Pai^or 
2S6,  asc-orrectcd  by  the  later  alkali  determinations  of  Palmer. 


GO, 

SO4 

CI 

NO, 

Ca 

Na 

K 

SiOj 

Ma 

Salinity,  parts  per  million 


A 

B 

('. 

f 
D 

1 

21.51 

11.47 

24.71 

1 

43.64 

19.55 

42.52 

18.36 

13.88 

16.10 

4.12 

17.07 

1.42 

.82 

2.32 

.69 

2.98 

16.10 

15.47 

18.36 

20.46 

3.46 

2.84 

4.06 

8.33 

U.04 

8.12 

9.39 

2.49 

2.09 

1.42 

1.28 

.83 

9.09 

10.82 

5.98 

5.89 

.24 

.90 

.10 

.08 

100.00 

100.00 

100.00 

100. 00 

87 

81 

244 

289 

E 


47.85 

10.58 

1.10 

.197 

21.51 

8.11 

2.75 

.77 

5.29 

.07 


100.00 
279 


CO, 

8O4 

CI 

NO, 

Ca 

Mg 

Na • 

K 

SiO. 

M, 

Satinity,  parts  per  million 


F 

0 

H 

I 

31.76 

34.09 

38.51 

40.57 

12.88 

16.57 

8.32 

7.85 

17.32 

10.84 

2.01 

2.43 

1.36 

1.93 

2.51 

1.46 

16.44 

18.37 

21.06 

22.67 

6.44 

6.63 

3.71 

3.48 

1  10. 66 

j  7.56 

5.82 

4.29 

1.41 

2.34 

3.10 

3.92 

16.05 

14. 59 

.04 

.09 

.GO 

.32 

100.00 

100.00 

100.00 

100.00 

450 

336 

104 

124 

34.57 

10.74 
2.93 
1.17 

18.56 
4.00 
5.08 
2.83 

19.54 
.58 


100.00 
101 
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DATA  OF  GEOCHEMISTRY. 


For  the  largest  tributary  of  the  Mississippi — the  lifissou*! — several 
analyses  are  available.  They  are  given  in  the  following  table,  together 
with  analyses  of  its  affluents.* 

Analyses  of  water  from  Missouri  River  and  tribiUaries. 

A.  Missouri  River  near  Florence,  Nebraska.  Mean  analysis  of  36  composite  samples  taken  belwwa 
October  1, 1906,  and  October  14, 1907.    Barr,  Spaulding,  Van  Winkle,  Dole,  Palmer,  and  Collins,  analysts; 

B.  MLssouri  River  near  Kansas  City,  Missouri.  Mean  of  38  composites,  October  4, 1906,  to  October  SI, 
1907.    Same  analysts  as  under  A . 

C.  Missouri  River  near  Ruegg,  Missouri.  Mean  of  36  composites,  September  34, 1900^  to  October  6,  IflV. 
Same  analysts  as  under  A. 

D.  North  Platte  River  at  North  Platte,  Nebraska.  Mean  of  29  oompositas,  September  10, 1906,  to  Jidm 
30, 1907.    Barr,  Spaulding,  and  Van  Winkle,  analysts. 

E.  Platte  River  at  Fremont,  Nebraska.  Mean  of  33  composites,  October  10, 1906,  to  November  2, 1907. 
Barr,  Van  Winkle,  Dole,  Palmer,  and  Collins,  analysts.  Another  series  of  analyses  of  the  water  at 
Columbus  is  also  given.  An  analysis  of  the  Platte  at  Greeley,  Colorado,  is  given  on  p.  66,  ante,  togethsr 
with  some  of  its  tributary,  Cache  la  Poudre  River. 

F.  Laramie  River  20  miles  above  Laramie,  Wyoming.  Avo-age  of  three  analyses  by  E.  £.  Slosson, 
Bull.  Wyoming  Exper.  Sta.  No.  24, 1895. 

G.  Laramie  River  50  miles  below  Laramie.  Analysis  by  E.  E.  Slosson,  loo.  dt.  Sloson  also  gives 
analyses  of  Popo  Agio  and  Little  Goose  creeks.  Another  analysis  of  the  Laramie  is  printed  in  Fifth  Rept. 
Bur.  Soils,  U.  S.  Dept.  Agr.,  1903. 

II.  Yellowstone  Lake.  Analysis  by  J.  E.  Whitfield,  Bull.  U.  S.  Geol.  Survey  No.  47, 1888.  This  bulletin 
also  gives  analyses  of  Fireholo  and  Gardiner  rivers. 

Analyst's  A  to  E  are  recalculated  from  Dole's  Water-Supply  Paper  236,  with  potassium  determinations 
communicated  by  Palmer. 


CO3.. 

SO4.. 

01... 

N03.. 

Ca.... 

Mg. . . 

Na... 

K... 

NH,.. 

SiOj.. 

AI2O3. 


Salinity,    parts    per 
million 


H 


I 


22.42 

37.69 

1.99 

.40 

14.58 

4.48 

9.64 

L70 


6.95 


.15 


24.23 

32.74 

3.15 

.54 

15.04 

4.37 

9.22 

1.50 


8.97 
".'24 


100.00 
454 


100.00 
426 


25.63 

30.44 

3.52 

.85 

15.22 

4.68 

9.07 

1.90 


8.49 


.20 


100.00 
346 


1) 


E 


24. 13  i  29. 43 


} 


32.77 

3.15 

.53 

15.05 
4.37 

10.68 


22.18 

2.18 

.33 

15.80 
3.67 
8.06 
2.42 


8.98 


.34 


15.80 


.13 


100.00  100.00 


426 


302 


F 


27.35 

11.16 

3.11 


13.75 

2.45 

7.34 

.85 


) 


31.73 
2.26 


100.00 
212 


G 


19.59 

37.48 

6.32 


15.07 
5.10 
8.82 
1,96 


} 


4.54 
L12 


100.00 
429 


H 


20.93 
7,12 
7.96 


7.29 

.25 

13.22 

a99 

.34 

35.51 

a39 


100.00 
118 


In  all  but  three  of  these  waters  sulphates  predominate  over  car- 
bonates, and  calcium  is  less  conspicuous  than  in  the  analyses  preceding 
this  group.  The  high  siUca  of  the  Yellowstone  Lak^  and  the  upper 
Laramie  is  also  noticeable. 

For  one  other  tributary  of  the  Missouri  a  particularly  interesting 
group  of  analyses  is  at  hand.  Kansas  or  Kaw  River,  with  its  chief 
affluents,  has  been  studied  by  E.  H.  S.  Bailey  and  his  assistants,^ 

>  Two  analyses  of  water  from  the  Missouri,  not  used  here,  are  given  in  the  first  edition  of  this  book. 
Another  analysis  by  F.  W.  Traphagen  is  cited  inE.  W.  llilgard's  Soils,  p.  23,  but  the  point  of  coUectiflll 
is  not  named. 

3  U.  8.  GeoL  Survey  Water-Supply  Paper  No.  273, 1911.  Some  earlier  analyses  by  Bailey  and  FrankHn 
are  cited  in  the  previous  editions  of  this  work. 
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whose  data,  reduced  as  usual,  are  given  in  the  next  table.  The  locali- 
ties mentioned  are  all  in  the  State  of  Kansas,  and  the  arrangement  of 
the  streams  is  from  the  west,  eastward. 

Analyses  of  waterfront  Kansas  River  and  its  tributaries, 

A.  Smoky  Hill  River  at  Lindsborg.  Haan  of  28  analyses  of  composite  samples  of  water  taken  between 
November  27, 1906,  and  November  29, 1907.    F.  W.  Busbong  and  A.  J.  Weitb,  analysts. 

B.  Saline  River  at  Sylvan  Grove.  Mean  of  34  composite  samples  taken  between  November  27,  leoo 
and  November  29»  1907.    Analyses  by  Boshong. 

C.  Soknnon  River  at  Beloit.  Mean  of  32  composite  samples  taken  between  December  1,  1006,  and  De- 
cember 5, 1907.    Busliong  and  Weith,  analysts. 

D.  Repoblican  River  at  Junction.  Mean  of  25  composite  samples  taken  between  November  26,  1906, 
iBd  September  10, 1907.    Bushong  and  Weith,  analysts. 

E.  Big  Bhw  River  at  Manhattan.  Mean  of  34  composite  samples  taken  between  December  19, 1906,  and 
Deoember  20, 1907.    Busbong  and  Weith,  analysts. 

F.  Delaware  River  at  Perry  and  VaUey  Falls.  Moan  of  27  composite  samples  taken  between  January 
land  November  29, 1907.     Bushong  and  Weith,  analysts. 

0.  Kansas  River  at  Holliday.  Mean  of  72  comp<^te  samples  taken  between  December  29,  1906,  and 
Deoember  31, 190ft.  Two  years*  average.  Analyses  by  F.  W.  Bushong,  A.  J.  Weith,  and  W.  L.  Sippy. 
Analyses  of  several  other  tributaries  of  the  Kansas  are  also  given  in  the  paper. 


A 

B 

C 

D 

E 

F 

G 

CO, 

14.40 

26.87 

21.61 

.21 

12.93 

2.41 

18.26 

3.18 

.13 

6.02 

ia26 

38.57 

.03 

5.03 

1.98 

28.97 

1.07 

.07 

26.17 

19.50 

12.09 

.54 

16.61 

2.89 

15.52 

6.32 

.36 

34.36 

12.56 

7.11 

.71 

16.35 

3.32 

13.50 

11.38 

.71 

35.53 
12.32 

5.89 

.64 

18.74 

3.92 
12.32 

9.52 

1.12 

39.47 
12.17 
3.85 
1.07 
20.78 
4.75 
9.79 
6.82 
1.30 

31.78 

so, 

a 

NO, 

Cft 

Mg 

15.14 

10.18 

.57 

18.12 

3.98 

NjlK 

12.66 

SiOj 

7. 19 

Pe,a 

.38 

^  V|  ..........•••*>*•>•••• 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Salinity,  parts  per  million. . . 

882 

2,624 

554 

422 

357 

337 

403 

The  two  westernmost  of  these  streams  flow  from  a  relatively  arid 
region  and  are  characterized  by  high  salinity.  They  are  peculiarly 
poor  in  carbonates  but  rich  in  sodium  and  chlorine,  conditions  which 
may  be  correlated  with  the  great  abimdance  of  salt  in  Kansas.  In 
Solomon  River  carbonates  begin  to  predominate;  and  in  the  east- 
OTunost  rivers  of  the  group  there  is  a  close  approximation  in 
chemical  character  to  some  streams  of  the  Atlantic  slope.  Kansas 
River  itself  represents  a  blending  of  all  the  waters  which  flow  into  it.* 

Two  analyses  of  water  from  Arkansas  River  have  already  been 
dted,  and  need  not  be  repeated  here.  Other  analyses  of  this  river 
•nd  its  tributaries,  together  with  Osage  and  Red  rivers  will  end 
(his  summary  of  the  Mississippi  basin.' 

>  Ptrttti  anatyMS  of  about  50  streams  in  Oklahoma  may  be  foond  in  Water-Supply  Paper  U.  S.  Geol. 
Bar^tf  No.  148, 1905.  A  paper  by  J.  H.  Norton  on  the  drainage  of  Richland  Creek,  Arkansas,  appeared 
in  Jour.  Am.  Chem.  Boo.,  vol.  90, 1908,  p.  1186.  An  analysis  of  water  from  Wakanisa  River  is  cited  in  the 
iMood  edition  of  this  woric 

'TvoaoBlyMsby  R.  N.  Brackstt  of  water  from  the  Arkansas  are  given  in  Ann.  Rept.  Arkansas  Qeol^ 
tevey,  1891,  vol.  2,  pp.  150, 100. 

113750*— 19— Bull.  685 6 
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Analyses  of  toater  froisri  the  Arkansas,  and  other  rivers. 

A.  Osage  River,  at  Boicourt.  KaB2ia:>.  Heanaf  33  aoaJyses  of  composite  aomplai  of  waUrtakaabtlweea 
November  29, 1006,  and  November .10.  VM7.  F.  W.  Hushong  and  A.  J.  Weith,  anal3rsts.  This  stream  isa 
tributarj'  of  the  MLssoiiri. 

J).  Arkansas  River  at  DecrHcId,  KaiLsas.  Mean  of  2G  composite  samples  taken  between  T)eoember  11» 
lOOA,  and  Hccember  2. 1907.    Bushons  and  Weith » analysts. 

('.  Arkansas  River  near  Great  Bond,  Kansas.  Mean  of  33  composite  samples  taken  between  November 
2ft,l906,aDd  D«eember7,.lM7.    Bcshonr  and  Weith,  aoalsrsta^ 

D.  Arkansas  River  at  Aikamaas  City%  Kannna,  Mean  oC27  composite  samples  tokeo  between  D«oamiMr 
7 ,^90^'},  and  December  10, 1907.    Bushong  and  Weith,  analystSw 

r. .  Arkansas  River  at  Lit t  le  Rock ,  A  rkansas.  Mean  of  22  eompoaite  samplea  token  betweeB  Norombw 
1 ,  1006,  and  October  24, 1907.  Barr,  Spooldhiir,  Von  Whikle,  Dole,  Pohner,  and  Collins, analysts.  Becal* 
culated  from  Water-Supply  Paper  No.  230. 

F.  Cimarroa  River  at  Kngleirood,  Kansas.  Mean  of  30  oomposite  sampias  takes  between  NoT«nb« 
30,  I90C,  and  November  30, 1007.    Dushong  and  Waith,  analysts.    A  tributary  of  the  Arkansas. 

G.  Neosho  River  at  Emporia,  Kamas.  Mean  of  35  oomposite  samples  taken  between  Deeembar  5,4901, 
and  December  5, 1907.  Bushong  and  Weith,  analysts.  A  tribatary  of  Uio  AricansasL  An  eariier^slnsii 
anal3rsis  of  Neosho  water  by  C.  F.  Gostavsen  appears  in  Kansas  ITnlT.  8cL  Boil.,  rci.  2,  pu.  243, 1963L 

II.  Rod  River  near  Shreveport,  Louisiana.  Mean  of  34  eonposito  aamplsa  tak«i  botwson  March  19, 
l90(S,a2id  March  1»,  IMS.  Dole,  Pahav,  CoiliM,and  Erani^analyats.  RscaJsalatad  from  Wats^Sayp^y 
i*ap6r  236,  wMh  later  alkali  dsterminatioos  by  Pafaner.  All  those  analysas  sseqpt  E  and  H  are  taken  tnm 
Water-Supply  Paper  No.  273«.  Is  this  paper  there  are  afan  analyses  of  tho  MarmstoB,  Waknit,  Madlehia 
Lodge,  (hikaskia,  Verdigris,  Fall,  Cottonwood,  and  Spring  rivers,  with  some  minor  streams,  all  in  Kansas. 


CO, 

S04 

CI 

N03 

Ca 

Mg 

Na 

K 

SiOa 

Fe^Oj 

Salinity,    parts    per 
million 


} 


37.26 
12.31 
3.41 
1.20 
22.90 
4.  to 
9.56 

8.20 
1.06 


100.00 
293 


B 


} 


7.55 
54.70 

4.77 

.21 

12.31 

4.11 
14.24 

1.92 
.19 


100.00 
1,510 


c 

D 

E 

F 

9.96 

12.33 

11.89 

11.42 

47.19 

19.18 

15.19 

11.87 

8.72 

29.03 

33.17 

37.65 

.17 

.18 

.33 

.13 

13.13 

9.44 

&99 

6.93 

3.52 

2.39 

2.13 

2.57 

114.  71 

1 24. 15 

m53 

|26.91 

2.46 

3.06 

4.57 

2.87 

.  15 

.2}i 

.20 

.15 

100.00 

100.00 

loaoo 

loaoo 

1,136 

1.006 

630 

1,323 

} 


39.02 

laoi 

2.25 
LOO 
2a  GO 
4.05 
7.80 

13.77 
81 


U 


320 


13.01 
25.65 
22.16 
.07 
13.56 

a  12 

15;  74 

.91 

5.49 
.29 


IOt.00 

561 
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A  few  of  the  rivers  of  the  southwestern  United  States  have  been 
studied  with  much  care.  The  following  analyses  represent  this 
group  :^ 


1  An  analysis  of  Rio  Grande  water  by  O.  Loew  is  given  in  RepL  U.  S.  Geog.  Sur\-eys  W.  100th  Mer^ 
vol.  3, 1875,  p.  576.  In  the  annnal  report  of  the  some  Surrey  Ibr  1870  Loew  gires  on  ana]ysisK>f  water  from 
Virgin  River,  a  tributary  of  the  Colorado.  For  two  anolyaos  of  tho  Pecos  see  B.  8.  TUson,  Bull.  Gaol. 
Sur^-oy  Te^cas  No.  2, 1910.  Analyses  of  Rio  Grande  water  by  Fraps  and  Tilson  are  cited  in  Circular  103, 
Office  Exper.  Sta.,  U.  8.  Dept.  Agr.,  1911.  Six  more  analyses  of  water  taken  neer  the  headwaters  of  tho 
Rio  Grande  in  the  San  Luis  VaU^,  Colorado,  are  puMiahod  by  W.  P.  Ueaddan  hi  BuU.  230  of  the  Agii> 
cultural  Experiment  Station  of  the  Cobrado  Agticultaral  College,  1917. 
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Analyse*  of  water  from  sotUhwestern  rivers. 


\.  Bnros  River  at  Waco,  Texas.  Mean  analysis  of  30  comi>osite  samples  taken  between  December 
II,  19K,  and  N97<ml>er  19,  1907.  Barr,  Spaolding,  Van  Winkle,  Dole,  Palmer,  and  Collins,  analysts. 
Bitfnlmtattd  firom  Wat«r>8iipply  Paper  236,  with  later  alliali  determinations  by  Palmer. 

D.  Colorado  Rivor  of  Texas,  at  Austin.  Meanof36composites,Augastl,1005,to  July  27,1906.  W.  II. 
Hdkman,  analyst,  Water-Siipply  Paper  236. 

C.  Rio  Gande  at  L«redo,  T^cas.  Mean  of  37  oomposites,  August  1 ,  1903,  to  Augnst  2, 1906.  Heileman, 
&iEUf5t,kiccit. 

D.  Rio  Grande  at  Mesllla,  New  Mexico.  Average  composition  for  an  entire  year,  June,  1S93,  to  Jmie, 
im.  .Analyses  by  Arthur  Ooss,  Bull.  New  Mexico  Agr.  Rxper.  Sta.  No.  34, 1900.  This  bulletin  also 
ooataons  anilyses  of  water  from  Animas  River,  Santa  Fe  River,  and  Rio  Bonlto. 

E.  Pecos  River,  New  Me^oo.    Average  of  six  samples  anah^ed  by  Goss,  loc.  cit. 

F.  Cobrado  River  at  Yuma,  Arisona.  Average  of  seven  composite  samples,  covering  collections  made 
between  January  10,  1900,  and  January  24, 1901.  Analyzed  by  R.  II.  Forbes  and  W.  W.  Skinner,  Bull. 
UniT.  Arizona  Agr.  Exper.  Sta.  No.  44, 1902.    The  average  composition  of  the  water  during  a  year. 

G.  Gib  River  at  head  of  Florence  canal,  below  The  Buttes,  Arizona.  Average  of  four  analyses  by 
F(^b«i  and  Skinner  representing  21  weekly  oomposites.  Samples  ta-:on  between  November  2S,  1890, 
ttd  November  5, 1900. 

H.  Salt  Rivtf  at  Mesa,  Arizona.  Average  of  six  analyses  covering  40  weekly  oomposites  of  water 
taken  betweea  Atigust  1 ,  1899,  and  August  4, 1900.  Analyses  by  Forbes  and  Skinner,  loc.  clt.  Salt  River 
and  the  GHa  are  tributaries  of  the  Cobrado.  Forbes  and  Skinner  report  their  silica  as  the  silicate  radicle 
SiOv  This  is  reduced  to  SiOt  in  the  table. 


CO,... 
SO4... 

a.... 
xo,... 

Ca.... 
Mg.... 
At..., 

K 

SiO,.. 

M3. 


A 


D 


r 


Salinity,    parts    per 
million 


7.09 

25.49 

30.87 

.20 

11.06 

1.74 

20.83 

.67 

2.01 


.04 


100.00 
1,136 


28.60 
12.48 
17.52 


15.45 
5.14 

13.07 
L50 
5.32 

.92 


} 


100.00 
321 


11.55 
30.10 
21.65 


13.73 
3.03 

14.78 
.85 
3.83 

.48 


} 


D 


17.28 
31.33 
13.55 


14.78 
2.05 

14.43 
L95 

4.63 


100.00 
791 


100.00 
399 


£ 


1.54 
43.73 
22.56 


13.43 

3.62 

14.02 

77 

33 


) 


100.00 

2,384 


F 


13.02 
28.61 
19.92 


10.35 
3.14 

19.75 
2.17 

ao4 


100.00 
702 


G 


12.10 
16.07 
29.78 


a  03 

2.52 

24.53 

2.31 

4.66 


100.00 
1,023 


II 


9.61 

8.29 

41.56 


7.15 
2.69 
26.38 
1.38 
2.94 


100.00 
1,  234 


These  waters  are  characterized,  as  is  evident  on  inspection  of  the 
table,  by  high  salinity,  the  predominance  of  alkaline  sulphates  and 
chlorides,  and  a  deficiency  of  carbonates  and  of  lime.  From  figures 
given  by  Forbes  I  have  computed  that  the  Colorado  carries  to  the 
Gulf  of  California  annually,  in  solution,  13,416,400  metric  tons  of 
salts,  or  about  59.6  metric  tons  from  each  square  mile  of  its  basin. 


BIVEBS  OF  CAUFOBNIA. 

For  the  river  waters  of  California  the  data  are  now  very  abundant, 
but  only  a  small  part  of  them  can  be  utilized  here.  A  number  of 
indiyiduai  analyses  are  to  be  found  in  the  former  editions  of  this 
Wk;^   the  following  table  is  recalculated  from  the  figures  reported 

'Clear  Lake,  analysis  by  T.  Price,  cited  in  Water-Supply  Paper  U.  S.  Geol.  Survey  No.  45,  1901. 
Feather  River,  by  E.  W.  HUgard,  Kept.  Agr.  Exper.  Sta.,  Univ.  CaUfomia,  1898-1901.  San  Lorenzo 
ftirv,  by  A.  SeideU,  Field  Operations  Bur.  Soils,  U.  S.  Bept.  Agr.,  1901.  Santa  Clara  Biver,  by  B.  £. 
BxQvn,  same  reference  as  the  preceding.  Santa  Ynee  River  and  three  of  its  tributaries,  by  J.  A.  Dodge, 
Vat»43iipply  Paper  U.  S.  Geol.  Survey  No.  116,1904.  Other  Qj\a\:^^fi&,\r3  'ft..  ^»^«-^S»a«5,'as5S5«ss.\a. 
^nirinity  of  Califbmia,  Rept.  CoU.  Agric,  1882. 
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by  W.  Van  Winkle  and  F.  M.  Eaton  in  Water-Supply  Paper  237, 
1910.  In  that  paper  the  average  composition  of  a  river  water  is 
ascertained  by  many  analyses  of  composite  samples,  representing 
daily  collections,  as  was  done  in  the  investigations  under  Dole  and 
Collins  which  have  already  been  freely  cited.  The  composition  of 
each  water  is  thus  determined  for  a  sufficiently  long  time  to  give 
the  figures  real  significance  in  geochemical  research.  Van  Winkle 
and  Eaton,  by  this  general  method,  studied  37  rivers  of  California. 

Analyses  of  water  from  rivers  of  California, 

A.  Russian  River  near  Ukioh.    Mean  analysis  of  37  composite  samples  taken  between  December  31, 

1907,  and  December  31 ,  1908. 

B.  Sacramento  River  above  Sacramento.    Mean  of  two  series  of  analyses  covering  the  years  1006  and 

1908.  Potassium  was  separately  determined  during  the  first  half  of  1006,  and  the  same  is  true  of  total 
FesOi+AIsOf  In  recalculating,  these  determinations  are  assumed  to  be  fair  averages.  Van  Winkle 
and  Eaton  also  give  annual  averages  for  Feather,  Yuba,  and  American  riven  and  Cache  Creek,  all  tribu- 
taries of  the  Sacramento. 

C.  Son  Joaquin  River  at  Lathrop.  Mean  of  two  series,  1006  and  1008,  recalculated  as  in  the  case  of  the 
Sacramento.  Similar  averages  for  one  year  or  less  are  given  for  the  tributary  riven  Mokelumne,  Stan- 
islaus, Tuolumne,  Merced ,  and  Kern. 

D.  Salinas  River  at  Paso  Robles.  Mean  of  30  composites  taken  in  1008.  From  about  July  18  to  Octo- 
ber 1  the  river  bed  was  dry.    Data  are  given  for  several  tributaries  of  the  Salinas. 

E.  Santa  Maria  River  25  miles  above  Santa  Maria.  Mean  of  36  composites  covering  the  year  1006.  K 
and  total  RtOs  were  only  determined  during  the  fint  half  year. 

P.  Santa  Ynex  River  at  Santa  Barbara.  Mean  of  33  composites  covering  the  year  1006.  K  and  R/>f 
determined  during  the  fint  half  year  only. 

G.  San  Gabriel  River  near  Rivera.  Mean  of  37  composites  covering  the  year  1908.  Another  avenga 
is  given  for  the  river  at  Asusa. 

H.  Santa  Ana  River  above  Men  tone.  Mean  of  two  series,  1006  and  1008.  K  and  RfOt  determined 
during  the  Arst  half  of  1006.    Another  annual  average  is  given  for  the  river  near  Corona. 


00,... 

SO4.. 

CI... 

NO,-. 

Oa.... 

Mg.... 

Na... 

K 

SiO,.. 

AlA- 
Fe,0,. 


Salinity,   parts  per 
million 


} 


39.07 
10.81 

4.70 

.77 

14.61 

7.62 
10.17 


12.07 


.18 


B 


30.14 

12.21 

5.79 

.48 

11.45 
5.59 
9.78 
1.68 

19.12 

3.35 

.41 


100.00   100.00 


145 


118.5 


18.43 

17.41 

20.62 

.64 

10.13 

4.82 

15.81 

1.08 

9.38 

1.56 

.22 


100.00 
183 


D 


} 


30.66 
21.35 

8.59 

.16 

13.21 

6.17 
12.99 

6."82' 


.05 


100.00 
448 


E 


5.82 

58.35 

4.89 


14.07 

6.19 

8.94 

.37 

1.12 

.24 

.01 


100.00 
2,412 


19.33 

42.58 

3.71 


14.98 

6.68 

&10 

.51 

a56 

.53 

.02 


100.00 
714 


} 


40.54 

12.62 

3.22 

.73 

21.04 

4.59 

&41 


8.79 


.06 


100.00 
246 


35.78 
11.34 

3.70 

.60 

17.02 

4.00 
10.67 

1.33 
13.68 

L86 
.12 


loaoo 

162 


THE  COLUMBIA  RIVER  BASIN. 


The  waters  of  Oregon  and  Washington  have  been  studied  with 
much  thoroughness  by  W.  Van  Winkle  *  and  a  selection  from  among 
his  abundant  data  is  given  in  the  following  tables.  The  Columbia 
and  its  tributaries  come  first. 


'  Watei^Supply  Papers  U.  S.  Geol.  Survey  Nos.  399, 363, 1914. 
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AncUyses  ofvxUer/ram  Columbia  and  Snake  rivers. 

A.  ddmnbia  River  at  Northport,  WaahJngton.  Mean  of  37  analyses  of  composite  samples  of  water 
taken  between  Fehmary  1 ,  1910,  and  January  31 ,  1911. 

B.  Oolmabia  Blver  at  Pasoo,  Washington.  Mean  of  37  composite  samples  taken  between  Febniaiy  1, 
mo,  and  January  31, 1911. 

C  Cohmihia  River  at  Cascade  Lodes.  Mean  of  30  composite  samples  taken  between  March  13  and 
Deoembff  31,  1910,  and  37  composite  samples  taken  between  August  11,  1911,  and  August  14, 1912. 
.Veariytwo  years'  average. 

D.  Snake  River  near  Weiser,  Idaho.  Mean  of  37  composite  samples  taken  between  August  II,  1911, 
vxi  August  14, 1912. 

E.  Snake  River  at  Burbank,  Washington.  Mean  of  33  composite  samples  taken  between  March  13, 
1910.  and  January  31, 1911. 


CO, : 

8O4 

a 

NO, 

Ca. 

Mg. 

Na. 

K 

SiOj. 

R,o, 

Salinity,  parts  per  million 


} 


42.38 

14.12 

.71 

.27 

21.19 

5.53 

5.53 

10.24 
.03 


100.00 
85 


B 


} 


42.81 

13.08 

.84 

.16 

21.40 

5.35 

7.14 

9.16 
.06 


100.00 

84 


D 


E 


36.15 

13.52 

2.82 

.49 

17.87 
4.38 
8.12 
1.95 

14.62 
.08 


100.00 
92.4 


31.02 
16.45 

7.99 

.28 

15.51 

4.52 
10.34 

1.64 

12.22 

.03 


100.00 
213 


} 


31.95 
16.37 

6.31 

.41 

14.81 

4.37 
10.91 

14.81 
.06 


100.00 
128 


Analyses  of  water  from  tributaries  to  the  Columbia. 

F.  Spokane  River  at  Spokane,  Washington.  Mean  of  35  composite  samples  taken  between  February  1, 
1910,  and  January  31,  1911. 

G.  Yakima  River  at  Prosser,  Washington.   Mean  of  37  composite  samples  taken  between  February  1, 

1910,  and  January  31,  1911. 

H.  Owyhee  River  near  Owyliee,  Oregon.    Mean  of  87  composite  samples  taken  between  August  11, 

1911,  and  Angost  14, 1912. 

I.  Grand  Ronde  River  at  Elgin,  Oregon.  Mean  of  37  composite  samples  taken  between  August  11, 
1911,  and  Aogost  14,  1912. 

J.  Umatilla  River  near  Umatilla,  Oregon.  Mean  of  36  composite  samples  taken  between  August  11, 
1911,  and  August  14, 1912.  Analyses  are  given  by  Van  Winkle  for  samples  collected  at  two  other  points 
abo. 

K.  John  Day  River  at  McDonald,  Oregon.  Mean  of  37  composite  samples  taken  between  August  II, 
1911,  and  August  14,  1912.  Analyses  are  given  for  the  water  at  Day  ville  also. 

L.  Deschutes  River  at  Moody,  Oregon.  Mean  of  34  composite  samples  taken  between  August  21, 1911, 
•ad  July  25, 1912.   A nalyses  are  given  for  the  water  at  Bend  also. 

M.  waiamette  River  at  Salem,  Oregon.  Mean  of  37 composite  samples  taken  between  August  11, 1911; 
lod  August  14,  1912. 

Van  Winkle  gives  analyses,  most  of  them  annual  averages,  for  13  other  rivers  of  the  Columbia  basin. 


F 

0 

H 

I 

J 

1 

K              L 

M 

CO.. 

35.94 

14.43 

.94 

.36 

17.19 

5.62 

1  8.28 

17.19 
.05 

32.30 

17.39 

4.30 

.28 

13.25 

5.05 

m.59 

15.73 
.11 

31.24 
15.85 

5.89 

.29 

11.78 

2.90 
15.85 

2.08 

14.04 

.08 

30.03 

6.12 

1.85 

.86 

11.55 
3.23 
9.00 
2.31 

34.64 
.41 

31.49 
12.71 

5.18 

.62 

12.71 

3.65 
12.15 

2.65 

18.78 

.06 

39.79 

8.51 

1.92 

.78 

14.18 
5.39 
9.22 
1.70 

18.44 
.07 

31.81 
5.68 
2.38 
.75 
9.66 
3.06 

12.50 
2.28 

31.81 
.07 

28.32 

sor.V.**.". !!'.!".  I 

8.19 

a.:.'.'..'.;:.*.".* 

NO,. 

4,21 
.79 

Ca.„ 

11.73 

Mg. 

Ni. 

3.09 
8.41 

K. 

SiO^ 

1.77 
33.18 

?ei6, 

.31 

SaKnity ,    parts    per 
million T 

100.00 
64 

100.00 
121 

100.00 
221 

100.00 

100.00 

100.00 

100.00 

100.00 

\         ^ 

\ 

A       . > 
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According  to  Van  Winkle  the  Columbia  carried  in  solution  past 
Cascade  Locks,  in  1910,  21,638,000  short  tons  of  dissolved  matter, 
and  in  1911-12,  17,000,000  tons.  This,  for  a  drainage  area  of  239,600 
square  miles,  is  equivalent  to  90.3  and  71  tons  per  square  mile;  an 
average  of  80.6  or  73  metric  tons.*  Similar  estimates  are  given  for 
each  of  the  tributaries. 

OTHER  NOBTHWE STERN  RIVERS. 

In  the  next  table  analyses  are  given  of  waters  from  Oregon  and 
Wiishington.  Except  when  otherwise  stated,  the  analyses  are  by  W. 
Van  Winkle,^  and  represent  annual  averages. 


Analyses  of  northweatem  waters. 

A.  Skagit  River  at  Bodro  WooUey,  Wasliington.  Mean  of  37  analyses  of  composite  samples  of  water 
taken  between  February  1, 1910,  and  January  31, 1911. 

B.  Cbchalis  River  at  Centralia,  Washington.  Mean  of  35  composite  samples  taken  between  February 
1, 1910,  and  January  31, 1911. 

C.  Rogue  River  near  Tolo,  Oregon.  Mean  of  34  composite  samples  taken  l^etween  September  10, 1911* 
and  August  14, 1912. 

D.  Umpqua  River  near  Klkton,  Oregon.  Mean  of  22  composite  .'^amples  taken  between  August  1, 1911, 
and  August  15, 1912. 

K.  Goose  Lake,  Oregon.  Single  analysis  by  Van  Winkle. 

F.  Lost  River,  Klamath  County,  Oregon.  Single  analysis  by  A.  L.  Knisely.  Ann.  Rept.  Irr.  and  Drain- 
*     ago  Investigation,  U.  S.  Dept.  Agr.,  1904,  p.  204. 

G.  Crater  Lake,  Oregon.  Single  analysis  by  N.  M.  Finkbiner.  Cited  by  Van  Winkle  in  Water-Supply 
Paper  363,  p.  43.  Included  here  on  account  of  its  analogy  to  the  river  waters  of  Oregon,  although  it  prop- 
erly belongs  in  the  chapter  on  closed  basins.* 


CO,. 

S04.. 

CI... 
NO,. 
PO,. 
Ca... 
Mg.. 
Na... 
K... 
SiOo. 
Fe,0 


A 


30.78 

17.71 

1.95 

.52 


2V/3. 


Salinity,  parts  por    million 


17.06 
3.67 
7.78 

20.30 
.23 


} 


100.00 
46 


B 


26.06 

10.93 

8.88 

.18 


12.12 

3.24 

11. 10 

27.31 
,18 


} 


100.00 
59 


28.83 

6.32 

2.16 

.40 


11.11 
2.62 
9.41 
2.00 

37.00 
.15 


100.00 
65 


D 


28.66 

8.43 

4.85 

.49 


12.80 
3.58 
9.24 
2.59 

29.14 
.22 


100.00 
62 


E 


34.30 

4.92 

10.92 

.16 

.12 

1.96 

.22 

38.23 

3.71 

6.46 

Trace. 


100.00 
916 


52.64 
3.37 
1.46 


14.12 
12.06 
2.78 
10. 78 
10.42 
«2.37 


100.00 
220 


O 


20.62 

13.75 

13.76 

.47 

.01 

8.88 

3.60 

18.76 

2.76 

22.60 

.02 


100.00 
80 


1  For  earlier  single  analyses  of  the  Columbia,  Snake,  Willamette,  and  Powder  rivers,  see  the  recond 
edition  of  tliis  work,  p.  78.    Powder  River  is  a  tributary  of  the  8nake. 

« See  Water-supply  Papers  U.  S.  Geol.  Siurey  Nos.  339  and  363, 1914. 

'  Van  Winkle  also  gives  analyses  of  waters  from  Wood  Creek,  Cedar,  and  Green  rivers  in  Washingtoiif 
and  of  Link,  Wood,  and  Silctz  rivers  in  Oregon.  For  an  earlier  analysis  of  water  from  Cedar  River,  sea 
H.  G.  Kulght,  Washington  GooL  Survey,  vol.  1,  p.  285, 1901.  Analyses  of  water  from  Lower  Klamath  LakB 
are  given  in  U.  S.  Dept.  Agr.  Field  Oper.  Bur.  Soils,  1908,  p.  1412. 

a  Includes  AlsOs. 
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BIVEBS  OF  ALASKA. 

R.  B.  Dole  and  A.  A.  Cbambors  ^  give  a  goodly  number  of  analyses 
of  waters  from  the  rivers  of  Alaska.  From  these  the  following  analy- 
ses are  selected  and  reduced  to  the  standard  form  which  has  been 
adopted  in  this  work.     With  them  one  other  analysis,  by  G.  Steiger, 

b  included. 

Analyses  of  waters  from  Alaska. 

A.  Yukon  River  at  Kaglo.  Analysis  by  G.  Stoiger,  reported  by  F.  W.  Clarke,  Jour.  Am.  Chem.  Goc^ 
vol.  27,  p.  Ill,  1905. 

B.  Yukon  Elver.     Ifean  of  four  analyses  of  samples  taken  at  points  between  Whltohorsc  and  Sclwj-n. 

C.  YokGD  River.  Mean  of  thirteen  analyses  of  samples  taken  between  Selwyn  and  the  mouth  of  the 
river.  Analyses  B  ozkI  C  by  Dole  and  Chambers. 

D.  Tanana  River,  15  miles  below  Chena. 

E.  Tanana  River,  5  mUes  above  its  mouth.  Analyses  D  and  E  by  S.  C.  Dinsmore.  Analyses  of  several 
tribatariGS  of  the  Tanana  are  also  given. 

F.  Lowe  River  near  Valdez.    Analyst,  S.  C.  Dinsmore. 

G.CapptT  River  at  Flag  Point  Bridge.    Analyst,  A.  A.  Chambers. 

H.  8tlklDe  River  about  15  miles  above  Wrangcll.  Analyst,  S.  C.  Dinsmore.  Six  analyses  of  water  from 
the  Seward  Peninsula  are  also  rep<M'ted,  all  by  Dinsmore. 


1 

A 

B 

41.93 

10.37 

Trace. 

c 

44.03 

13.99 

.01 

D 

E 

F 

G 

II 

CO, 

46.16 

10.75 

.41 

43.73 

10.78 

2.50 

.66 

25.77 

4.08 

1  3.33 

1 

40.  44     37  R5 

40.68 

13.53 

1.20 

.38 

24.06 

5.49 

1  8.27 

6.01 
.38 

34.87 

so, 

a. 

16.30 

1.24 

.15 

23.29 

3.95 

1  5.98 

12.79 

3.91 

2.61 

14.35 

3.91 

114.  35 

9.15 
1.08 

16.87 
1.69 

NO, 

Trace. 

c».' 

Mg 

22.21 
4.71 
6.14 

Trace. 

7.78 

23.25 

4.39 

1  5.61 

14.39 
.06 

24.38 

5.23 

1  4.71 

7.52 
.13 

23.62 
4.05 

n! ::.; 

K 

1     1.13 

16.88 
.90 

SiO. 

PcjO, 

9.15  '  8.54 
Trace.       .  11 

iSfil...  .  

1.84 

• 

Salinity    \yarte     per 

100.00 
98 

100.00 
71 

100.00 
122 

100.00 
123 

100.00 
130 

100.00 

87 

100.00 
146 

100.00 
81 

Dole  and  Chambers  estimate  that  the  Yukon  carries  annually  into 
Bering  Sea  98,000,000  short  tons  of  suspended  matter  and  24,000,000 
toiB  of  matter  in  solution.  The  area  of  the  drainage  basin  is  estimated 
at  320,000  square  miles.  Hence,  from  each  square  mile  307  tons  of 
solids  are  carried  away,  together  with  75  tons  (equal  to  68  metric 
tons)  of  dissolved  matter.  The  waters  are  all  carbonate  waters, 
with  very  small  quantities  of  chlorides.  The  Yukon  especially  con- 
tains surprisingly  Uttle  chlorine.     The  sulphates  are  about  normal. 

THE  SASKATCHEWAN  SYSTEM. 

This  complex  river  system  comprises  a  number  of  important 
branches,  which  finally  unite  in  Nelson  River  and  empty  into  Hud- 
son Bay.  The  following  analyses  represent  waters  from  this  great 
drainage  basin: 


>  Water-Supply  Paper  U.  S.  Oeol.  Survey  No.  418,  WlT^v^^-^^'V^- 
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Analyses  of  waters  from  Sashatchervan  system. 

A .  Red  River  of  the  North  at  Fergus  Falls,  Minnesota.  Analysis  by  W .  A .  Koyea,  Eleventh  Ann.  Repi. 
Minnesota  Geol.  Nat.  Hist.  Survey,  1884,  p.  173. 

D.  Red  River  of  the  North  at  8t.  Vincent,  Minnesota,  near  the  Canadian  boundary.  Analyiis  by  W.  A. 
Noyes,  op.  dt.,  p.  172. 

C.  Red  River  of  the  North  below  the  Assiniboine. 

P.  Assiniboine  River  above  its  Junction  with  the  Red.  Analyses  C  and  D  by  F.  I).  Adanu,  Rept. 
Progress  Geol.  Survey  Canada,  1878-79,  p.  10  H. 

K.  Nelson  River  near  its  mouth. 

F.  Hayes  River  opposite  York  Factory.  This  stream  enters  Hudson  Bay  near  the  Ndaon.  Analyses 
E  and  F  by  W.  Dittmar,  Rept.  Progress  Oeol.  Survey  Canada,  1879-80,  p.  77  C. 


A 

B 

c 

D 

E 

F 

CO, 

32.52 

25.56 

.69 

41.20 

15.71 

4.89 

.19 

.28 

17.55 

8.23 

5.64 

1.37 

.02 

4.57 

.35 

31.47 

22.06 

8.78 

39.70 

16.52 

5.58 

16.78 

4L86 

4.68 

50.36 

■v-'v-'g.    ........................ 

SO. 

(1 

ao6 

P04 

NO, 

Ca 

30.39 

12.89 
7.99 
9.67 
1.18 

13.59 
7.72 

11.08 
1.16 

16.91 

5.65 

6.22 

.97 

21.88 

Mff 

5  24 

Na 

1.97 
1.19 

4  22 

K 

1.37 

Li 

SiOj 

.60 
7.08 

5.72 
.24 

4.41 
.24 

7.30 
.64 

11.48 

(Al,Fe)oO, 

2.37 

\**'*j*'  ^/2^-'3    ••--•••••••-••••••• 

Salinity,  parts  per  million 

100.00 
202 

100.00 
284 

100.00 
551 

100.00 
509 

100.00 
180 

100.00 

115 

The  following  table  gives  analyses  of  Bow  River  and  ite  tribu- 
taries, the  Bow  being  the  main  western  branch  of  the  Saskatchewan. 
All  these  streams  are  in  the  Alberta  district,  Northwest  Territory, 
Canada.  The  analyses  were  made  by  F.  G.  Wait.*  The  samples 
were  collected  at  low  water. 


Analyses  of  water  from  Bow  River  and  tributaries. 


G .  Bow  River  at  Calgary. 

H.  Elbow  River  at  Calgary. 

1.  High  wood  River  at  High  River. 


J.  Fish  Creek  at  ICcLeod  TraiL 
K.  Sheep  River  near  Dowdney. 


CO, 

SO4 

CI 

Ca 

Mg 

Na 

K 

SiOj 

Fe^Oa 

Salinity,  parts  per  million 


O 


48.21 

14.69 

.94 

25.23 

6.95 

2.42 

Trace. 

1.56 

Trace. 


100.00 
128 


H 


44.66 

18.80 

.56 

24.39 

6.55 

2.77 

.42 

1.85 

Trace. 


100.00 

217 


47.78 

13.22 

.65 

24.48 

6.23 

3.28 

Trace. 

4.36 

Trace. 


100.00 
183 


63.57 

5.59 

.51 

18.82 

7.57 

7.14 

L34 

5.46 

Trace. 


100.00 
238 


45.55 

17.13 

.67 

23.69 

a32 

Z.92 

.43 

2.39 

Trace. 


100.00 
209 


1  Rept.  Geol.  Survey  Canada,  new  ser.,  vol.  9, 1878,  pp.  31M5  R. 
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8T710CABY  FOB  NORTH  AMERICA. 

If  now  'we  look  back  over  the  analyses  of  North  American  rivers, 
we  shall  see  that,  in  spite  of  all  differences,  certain  general  ten- 
dencies are  manifest.  In  the  first  place,  practically  all  the  waters 
from  east  of  Missouri  River,  with  one  or  two  minor  exceptions,  are 
waters  in  'which  carbonates  are  largely  in  excess  of  sulphates  and 
chlorides,  and  calcium  is  the  dominating  metal.  The  same  rule 
holds  for  the  extreme  northern  and  northwestern  rivers;  but  the 
western  tributaries  of  the  Missouri,  in  general,  tell  a  different  story. 
So  also  do  the  watera  of  New  Mexico  and  Arizona.  Here  sulphates 
are  in  excess  of  carbonates,  and  calcium,  although  sometimes  domi- 
nant, is  not  always  so.  In  short,  where  the  rainfall  is  abimdant  and 
the  soil  is  naturally  fertile,  carbonate  waters  are  the  rule;  in  arid 
regions  sulphates  and  chlorides  prevail.  This  statement  applies  to 
the  evidence  now  in  hand,  and  must  not  be  construed  too  sweepingly. 
We  are  dealing  not  with  invariable  laws  but  with  tendencies. 

The  condition  thus  indicated  is  probably  the  outcome  of  various 
causes,  but  one  of  the  latter  is  easily  found.  In  a  fertile  region 
organic  matter  is  abundant,  and  great  quantities  (>f  carbonic  acid  are 
generated  by  its  decay.  This  carbonic  acid,  absorbed  by  the  ground 
water  of  the  soil,  acts  as  a  solvent  of  mineral  matter,  and  carbonates 
are  carried  into  the  streams  more  abundantly  than  other  salts.  In 
arid  r^ons  there  is  less  organic  decomposition,  less  carbonic  acid, 
and  a  smaller  proportion  of  carbonates  is  found.  Water  from  a 
swamp  or  forest  is  very  different  from  water  which  has  leached  a 
desert  soil.  In  Kansas  River  and  its  tributaries  the  passage  from 
one  set  of  conditions  to  the  other  is  clearly  apparent.  Western  Kan- 
sas is  relatively  arid,  and  the  western  branches  of  the  river  ai*e  poor 
in  carbonates.  Eastern  Kansas  is  fertile,  and  the  eastern  affluents 
reflect  its  character.  It  must  be  borne  in  mind,  however,  that  we  are 
now  considering  relative  proportions  of  substances  and  not  absolute 
amounts.  The  lower  coiuse  of  a  stream  is  a  blend  of  many  waters; 
and  the  change  from  one  type  to  another  does  not  necessarily  imply 
that  anything  has  been  lost.  Precipitation  may  have  taken  place, 
but  in  many  cases  the  transformation  from  sulphate  to  carbonate  is 
probably  due  to  an  overwhelming  influx  of  the  latter.  The  Missis- 
sippi itself,  in  its  course  southward,  must  receive  carbonates  more 
fredy  than  sulphates;  and  its  final  character  as  it  enters  the  Gulf  of 
Mexico  should  be  that  of  a  carbonate  water.  So  much  at  least  can 
be  safely  inferred  from  the  data  already  in  hand.  To  small  streams, 
it  must  be  remembered,  these  considerations  do  not  always  apply. 

Local  conditions  are  operative  in  such  cases,  and  a  river  issuing  from 

a  i^on  rich  in  gypsum,  or  fed  by  brooks  affected  by  beds  of  pyrite, 
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may  have  a  sulphate  character  quite  independent  of  the  climatic 
influences  which  otherwise  seem  to  rule. 

The  local  peculiarities  of  river  water  have  been  the  subject  of  a 
considerable  niunber  of  geochemical  and  hydrochemical  investiga- 
tions, some  of  which  will  be  noticed  later.  In  general  it  may  be  said 
that  a  water  at  or  near  its  source  reflects  in  some  measure  the  com- 
position of  the  rocks  from  which  it  rises.  We  have  already  seen 
the  remarkable  imiformity  of  character  displayed  by  the  rivers  of  the 
South  Atlantic  and  eastern  Gulf  States.  The  waters  of  Illinois  and 
Iowa,  flowing  through  a  rich  agricultural  area,  underlain  by  sedi- 
mentary rocks  exclusively,  show  a  similar  uniformity  of  composi- 
tion. Water  from  limestone  is  rich  in  lime,  that  from  dolomite  con- 
tains more  magnesia,  that  from  granite  is  characterized  by  rela- 
tively higher  sihca  and  alkalies.  In  small  streams  these  resemblances 
appear  quite  clearly;  in  large  rivers  the  commingling  of  the  tribu- 
taries tends  to  produce  an  average  composition  which  may  be  called 
that  of  a  normal  water.  The  great,continental  rivers  resemble  one 
another  much  more  nearly  than  do  their  component  branches. 

BIVBBS  OF  SOTTTH  AHBBICA. 

The  river  waters  of  South  America,  except  in  British  Guiana, 
Argentina,  and  Brazil,  seem  to  have  received  very  little  attention 
from  chemists.  A.  Muntz  and  V.  Marcano  *  have  described  certain 
waters,  from  mmamed  tributaries  of  the  Orinoco  and  Amazon,  which 
are  colored  nearly  black  by  organic  acids  but  contain  not  over  16 
parts  per  million  of  mineral  matter,  and  from  which  lime  is  practically 
absent.  These  peculiarities  are  shared  to  some  extent,  although  not 
so  strikingly,  by  certain  river  waters  of  British  Guiana,  which  are 
brown  in  color,  low  in  salinity,  and  rich  in  organic  matter.  Fourteen 
of  these  waters  have  been  analyzed  by  J.  B.  Harrison  and  K.  D. 
Reid,2  from  whose  table  the  following  selection  has  been  made.  Their 
data  are  reduced  here  to  the  usual  standard  form,  with  normal  car- 
bonates and  with  organic  matter  omitted.  The  color  is  supposed  to 
bo  due  to  organic  compoxmds  of  iron,  and  the  proportion  of  iron 
found,  here  reported  as  FoaOj,  is  unusually  large.  As  stated  here 
the  analyses  represent  the  anhydrous  inorganic  matter  which  the 
waters  coidd  ultimately  deposit. 

1  Compt.  Rend.,  vol.  107, 1888,  p.  908.    See  also  J.  BelncU,  Natnr.  Wochensclir.,  vol.  20, 1905,  p.  353. 

2  Official  Oazetto,  Georgetown,  Dcmeraro,  July  26. 1913. 
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Analyses  of  waters  from  British  Guiana.  ^ 

k.  Buiina  River  above  Eclii>so  Falls. 

B.  Waini  River  abo\-e  First  Falls. 

C.  Esxqoibo  River  above  Wstapata  Falls. 

D.  DemnuB  River  above  Malalli  Falls.    Another  analysis  of  water  taken  in  time  of  drought  is  also 
given. 

E.  CoazBntyne  River. 

T.  Potaro  River,  above  Tamatumari  Falls.    Analyses  are  also  gi\'en  of  the  Baiama,  Cuyiinl,  runini, 
Maxanmi,  Rupununi,  Mahaica,  and  Ikrhioe  rivers,  and  of  Abary  Creek. 


A 

B 

C 

D 

E 

F 

CO, 

80, 

a. 

NO, 

22.12 

1.39 

6.45 

.51 

10.21 

4.01 

2.67 

.08 

43.43 
9.13 

28.40 
.92 

6.50 
.13 

5.45 

S.02 
12.88 

1.88 
25.04 
15.78 

15.74 
5.65 
3.36 
1.11 
3.84 
2.96 
6.97 
.54 

52.80 
7.03 

12.84 

1.15 

10.32 

.97 

.38 

2.65 
10.93 

1.69 
55.92 

3.15 

22.14 
1.22 
6.86 
.30 
5.16 
2.39 
8.75 
2.65 

41.90 
8.63 

25.89 
1.89 
2.88 
2.00 

c».!....:.: 

2.25 

Mg 

Na 

K 

SiO, 

.97 

18.14 

1.26 

38.54 

Fe.O, 

6.18 

Silmity,  parts  i)er  million 

100.00 
78 

100.00 
45 

lOQ.OO 
30 

100,00 
73 

100.00 
40 

100.00 
44 

The  very  high  silica  and  generally  high  sodium  in  these  waters 
suggest  that  they  emerge  from  areas  of  crystalline  rocks.  The  high 
proportion  of  chlorine,  however,  with  some  of  the  sodium,  may  be 
due  to  cyclic  salt,  the  saline  content  of  rainfall. 

In  the  next  table  I  give  the  available  data  for  the  Amazon  and 
some  of  its  tributaries. 

Analyses  of  water  from  Amazon  River  and  tributaries. 

A.  Tbe  Amasoa  betwgen  the  Narrows  and  Santarem.  Analysis  by  P.  F.  Frankland,  cited  by  T.  Mol- 
hrd  Beade  in  Evolution  of  earth  structure. 

B.  The  Amason  at  Obidos.  Mean  of  two  analyses  by  F.  Katier.  See  Gnindziige  dor  Geologie  des 
VDiam  A mnton ay^bietes,  Leipzig,  1908.  Katzer  estimates  that  the  Amazon  carries  annually  past  Obidos 
08,515,000  metric  tons  of  dissolved  and  suspended  matter. 

C.  The  Xingu.    Analysis  by  Eatzer,  loc.  dt. 

D.  TheTapajos.  Analysis  by  IQitzer,  loc .  cit.  Katzer  also  gives  analyses  of  water  from  rarana-mirim, 
UitHMcara,  the  Itapacur&-mirim,  and  several  fresh- water  I^kes  or  lagoons. 


CO, 

80, 

a.. 

c» 

Mg ::::: 

Na 

K '"* 

8iOj,...;.v'";;;;;;;;;.; 
(Ai,Ho, 

Salinity,  parts  per  million 


A 

B 

C 

34.75 

24.15 

26. 78 

7.37 

2.26 

10.57 

3.85 

6.94 

6.96 

21.12 

14.69 

15.77 

2.57 

1.40 

3.92 

1.94 

4.24 

2.08 

2.31 

4.76 

4.18 

18.80 

28.59 

21.15 

7.29 

12.97 

8.59 

100.00 

100.00 

100.00 

59 

37 

45 

D 


29.60 
7.39 
5.77 

16.84 
3.60 
1.80 
3.67 

24.02 
7.31 


100.00 
38 
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From  the  southern  parts  of  South  America  the  following  watera 
have  been  analyzed : 

Analyses  of  water  from  rivers  in  southern  pari  of  South  America/^ 

A.  River  Plata  ft  miles  above  Buenos  Aires.    Analysis t)y  7.  J.  Kyle,  Chem.  News,  r<A.  88,  IfiTS,  p.  X. 

F).  River  I'lata  near  Buenos  Aires.  Analysis  by  R.  Sohoeller,  Ber.  Deutsch.  cbem.  Gesell.,  vol.  fl^ 
1887,  p.  1 784.  Water  possibly  alTected  by  tidal  contamtnation.  For  otber  data  relative  to  the  Plata  ai 
the  ^forcedes,  see  M.  Puiggarl,  An.  Soo.  cient.  Argentina,  vol.  13,  p.  49, 1882. 

i\  Tiie  Tarana  5  miles  above  its  entry  into  the  Plata.    Anab'sis  by  Kyle,  loc.  cit. 

D.  The  Unigiiay  midstream  op]>osite  Salto.    Analysis  by  Kyle,  loc.  cit. 

E.  The  Uruguay  above  Pray  Bentos.    Analysis  by  Schoeller,  loc.  dt. 

F.  Rio  Negro  abo\'e  Mercedes.  Analysis  by  Schoeller,  loc.  cit.  An  anal>'sis  of  Rio  Negro  by  Win  if 
cited  by  S.  Rivas,  An.  Soc.  cient.  Argentina,  vol.  1, 1877,  p.  320. 

(i.  Colorado  River,  Argentina.  Analysis  by  Kyle,  An.  Soc.  dent.  Argentina,  vol.  43,  1807,  p.  19.  fii 
this  memoir  Kyle  gives  analyses  of  numerous  Argentine  rivers.  The  ncHneoclature,  however,  is  confusiiif; 
for  desonptive  names,  such  as  Negro,  Colorado,  Balado,  Saladlllo,  etc.,  are  applied  to  more  than  ooe  streiB 
m  Argtvitina,  and  it  is  not  always  easy  to  identify  the  river  to  which  a  given  analysis  applies. 

II.  Rio  Primero,  -\rgcntlna. 

I.  Rio  de  lo8  Papaguyos,  Argentina.  Analyses  H  and  I  by  M.  Siewert,  in  R.  Napp's  The  ArgentlM 
Republic,  1876,  pp.  242,  244. 

J.  Rio  Saladillo,  Argentina.    Analysis  by  A.  Peering. 

K.  Rio  de  Arias,  Salto,  Argentina.    Analysis  by  M.  Siewert. 

I..  Rio  de  lo6  Reyes,  Jnjuy,  Argentina.  Analysis  by  M.  Siewert.  For  analyses  J,  K,  and  L,  see  BoL 
Acad.  nac.  cien.  C<)rdobQ,  vol.  5, 1883,  p.  440. 

M.  Rio  Frio,  district  of  Taltal,  Chile.  Analysis  by  A .  Dietse,  cited  by  I..  Darapsky  in  Das  Depart ement 
Taltal,  Berlin,  1000,  p.  93. 

N.  Rio  (^opiapo,  Chile.    Analysis  by  P.  liem^tayer,  cited  by  F.  J.  San  Rom&n  in  Dederto  i  CordiOi 
deAtacama,  vol.  3,  Santiago,  1902,  p.  191. 


CO,,. 

S04... 

01.... 

Ca. . . 
Mg... 
Na.... 
K.... 
SiO,.. 
AI2O,. 
FcaO,. 


Salinity,  parts  per  million 


17.45 

7.69 

12.59 


6.18 
3.31 

17.34 
3.09 

21.32 
6.62 
4.41 


B 


11.59 

17.97 

18.11 

6.68 

3.71 

1.42 

24.89 


} 


10.82 
4.81 


100.00 
91 


100.00 
206 


17.73 
10.13 
15.92 


7.27 
2.78 

14.96 
4.06 

20.73 
3.21 
3.21 


100.00 
98 


24.23 
3.90 
.61 
5.50 
9.82 
2.85 
3.75 
3.12 

46.22 


E 


21.59 
6.15 
5.12 


10.01 
2.97 
5.92 


} 


44.32 
3.92 


100.00 
40 


100.00 
66 


39.10 
1.23 
4.43 
1.95 

17.82 
1.96 

10.24 


} 


21.75 
1.52 


100.00 
132 


CO... 
SO4. . 
CI.... 
NO,.. 
Ca. . . 
Mg... 
Na.... 
K.... 
SiOo.  . 

AlA- 


Salinity,  parts  per  million 


u 


39.47 
5.76 
6.41 


10.53 
3.27 
9.09 
4.67 
8.58 
1.10 
5.12 


100.00 
160 


I 


0.06 
31.81 
32.63 


8.01 

.36 

26.48 

.49 


.16 


100.00 
9,185 


9.94 
27.75 
21.51 


11.29 
2.87 

16.12 
4.41 
6.11 


100.00 
1,213 


39.13 

13.24 

2.77 


19.63 
5.20 
1.82 
5.75 

11.57 


.89 


100.00 
127 


28.27 

18.17 

5.53 


13.20 

2.53 

7.19 

10.20 

12.33 

.49 

2.09 


100.00 
104 


18,06 

24.45 

8.04 


14.93 

2.63 

15.37 


13.22 
'3.36 


8.19 
SO.  58 
24.51 

i6.'24 

1.46 

15.78 


3.24 


100.00 
651 


N 


6.46 
36.50 


100.00 
186 


Trace. 

6.61 

3.52 

8.96 

.36 

35.39 

2.20 


} 


100.00 
731 


a  Bee  also  H.  Corti,  Bol.  6.  serie  D,  Ministerlo  de  Agriculture,  Argentina,  1918,  for  an  »»«^y^®'  - 
from  Jiio  Mina  Clavoro;  ana  A.  A.  Bado,  Bol.  Acad.  uac.  cien.,  Argentina,  vol.  23,  pt.  1»  P*  w,  1918» 
one  of  water  from  Rio  Tercero. 
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These  waters  show  the  same  order  of  variation  as  those  of  North 
America.  The  water  of  the  Amazon,  flowing  through  forests  and 
in  a  humid  climate,  is  characterized  by  dominant  carbonates  and  low 
salinity.  In  Argentina  many  of  the  streams  flow  through  semiarid 
plains.  In  their  Waters  sulphates  and  chlorides  predominate  and  the 
alkalies  are  commonly  in  excess  of  lime.  The  Uruguay  and  some 
rivers  of  British  Guiana  are  peculiar  because  of  their  high  propor- 
tion of  silica — a  condition  which  will  be  discussed  later  in  this  chapter. 

TiATTKS  AND  BIVEBS  OF  ETJKOPE. 

Both  Bischof  and  Roth  cite  numerous  early  and  often  incomplete 
analyses  of  European  river  waters,  but  it  is  not  necessary  to  reproduce 
them  all  here.  They  tell  the  same  story  as  that  told  by  the  eastern 
rivers  of  the  United  States.  The  predominance  of  calciimi  and  the 
carbonic  radicle  is  clearly  shown  in  most  cases.  For  present  pur- 
poses it  is  well  to  begin  with  British  waters,  and  then  to  pass  on 

eastward. 

Analyses  of  British  waters, 

A.  Loch  Baile  a  Ghobhainn,  Lismoro  Island,  Scotland.  Analsrsis  by  W.  E.  Tetlow,  Proc.  Hoy,  Soc., 
Edinburgh,  vol.  25,  1905,  p.  970.  Organic  matter  not  included  in  this  recalculation.  A  typical  calcium 
carbonate  water  springing  from  limestone. 

B.  River  Dee  near  Aberdeen,  Scotland. 

C.  River  Don  near  Aberdeen. 

Analyses  B  and  G  by  J.  Smith,  Jour.  Chem.  Soc.,  voL  4, 1850,  p.  123.     Organic  matter  rejected. 

D.  The  Thames  at  Thames  Ditton. 

E.  The  Thames  at  Kew. 

F.  The  Thames  at  Barnes. 

Analyses  D,  E,  F,  by  T.  Craham,  W.  A.  Miller,  and  A.  W.  Hotmann,  Jour.  Chem.  Soc.,  voL  4, 1850,  p. 
376.  Analyses  are  also  given  of  the  Thames  at  Battersea  and  Lambeth,  of  the  Now  River,  and  several 
springs.  For  other  analyses  of  the  Thames  see  J.  M.  Ashley,  Jour.  Chem.  Soc.,  vol.  2,  1848,  p.  74,  and 
O.  F.  Clark,  idem,  voL  1, 1848,  p.  155.  Also  R.  D.  Thomson,  idem,  vol.  8, 1856,  p.  97,  and  H.  M.  Witt, 
rhilos.  Mag.,  4th  ser.,  vol.  12, 1856,  p.  114. 

G.  Lough  Ncagh,  Ireland.  Analysis  by  J.  F.  Hodges,  Chem.  News,  vol.  30, 1870,  p.  103.  An  analysis  of 
the  river  Bann  is  also  given.  * 

See  also  C.  M.  Tidy,  Jour.  Chem.  Soc.,  vol.  37, 1880,  p.  208,  for  partial  analyses  of  the  Thames,  Lea,  Severn, 
and  Shannon.  E.  HuU,  Geol.  Mag.,  1893,  p.  171,  cites  analyses  of  Thirlmerc,  Bala  Lake,  and  the  Severn, 
which  I  am  unable  to  trace  to  the  original  publications.  In  T.  E.  Thorpe's  Manual  of  inorganic  chemistry, 
vol.  1,  p.  207,  analyses  of  the  Clyde  and  Loch  Katrine  are  given.  For  analyses  of  the  R  iver  Trent,  see  Jour. 
Soc.  Chem.  Ind.,  vol.  30, 1911,  p.  70. 


CO3. 
SO4. 
CI... 
NO,. 
PO,. 
Ca.. 


Mg... 
Na.... 
K.... 
SiOo.. 

Fe,0, 


Rulifrity,  jMffts  per  million. 


57.49 

Trace. 
1.41 

Trace. 
.02 

37.77 
.25 
.94 


1.62 


.50 


100.00 
160 


B 


23.35 
15.70 
17.08 


17.22 

2.98 

13.60 

6.41 
3.66 


100.00 
31 


23.15 
16.29 
14.19 


16.32 
3.54 
9.17 

10.62 
6.72 


100.00 
81 


D 


41.86 

11.82 

5.20 

.84 


30.10 
1.95 
2.26 
2.25 
3.26 

.46 


} 


100.00 
272 


E 


39.53 

14.72 

4.57 

Trace. 


28.57 
1.82 
3.28 
1.55 
2.36 

3.60 


} 


100.00 
206 


33.90 

18.10 

5.70 

Trace. 


27.00 
1.70 
3.70 
1.10 
5.00 

3.80 


} 


100.00 
286 


G 


35.23 

10.68 

9.62 


17.71 

1.31 

15.41 

"3.*  32 

'6.' 72 


100.00 
155 
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DATA  OF  GEOCHEMISTRY. 


The  high  chlorine  and  sodium  in  some  of  these  analyses  is  probaUy 
duo  in  part  to  the  proximity  of  the  ocean.  In  the  Thames  the  regular 
increase  in  these  radicles  as  we  follow  the  stream  downward  is  quite 
evident.  Tlie  Tliamea,  however,  rises  in  the  midland  counties  of 
England,  where  the  waters  issuing  from  the  oolite  are  relatively  rich 
in  chlorides.* 

Tlie  next  group  of  analyses  ^  relates  to  the  waters  of  western  Europe, 
namely  of  Belgium,  France,  and  Spain.  Some  Swiss  waters  are 
included,  as  tributarv  to  the  Rhone. 

Analyaes  of  waters  in  western  Europe. 

A.  The  MeusD  at  Ljege,  Belgium.  Computed  trom  data  given  by  W.  Spring  and  E.  Prost,  AnxL  Soc 
K(k)l.  Rolgiquc,  vol.  n,  1884,  p.  123.  Tho  Mouse  carries  past  LIcge,  In  solution,  nearly  1,082,000  metric 
tons  of  solids  annually,  or  139  tons  from  each  square  mile  of  territory  jirained.  Earlier  analyses  of  tiw 
Mcnsc  by  J.  T.  P.  Chandclon  and  J.  W.  Gunning  arc  cited  by  Bischof. 

B.  The  Seine  at  Bercy.  .Vnalysls  by  IT.  Sainte-Clairo  Peville,  Annates  rhim.  phys.,  3d  ser.,  vol.  23 
1848,  p.  42. 

C.  The  lA)ire  near  Orleans.    Analysis  by  Devttle,  loc.  cit. 
n.  The  Garonne  at  Toulouse.    Anah'sis  by  DeviUe,  loc.  cit. 
E.  Tho  Doubs  at  RIvotte.    Analj-sis  by  Devllle,  loc.  cit. 

r.  Tho  Is^.  Analysis  by  J.  Grange,  Annalcs  chim.  phys.,  3d  ser.,  vol.  24,  18-18,  p.  496.  Grange  also 
gives  analyses  of  several  small  tributaries  and  correlates  them  with  their  geological  surroundings. 

G.  The  Khone  at  Genc^-a.    Analysis  by  DeviMe,  loc.  cit. 

n.  The  Rhone.  .Vveragc  of  five  anal>*ses  by  L.  Lossier,  Arch.  scl.  phys.  nat.,  M  ser.,  vol.  e52, 1978,  p.  220. 
Organic  matter  rejected. 

1.  Tho  Ar\T.    Average  of  sL\  analyses  by  Lossier,  loc.  cit. 

J.  Lac  Ix>man.  Analysis  by  R.  Brandenbonrg,  cited  by  F.  A.  Forel  in  Mem.  Soc.  Helvi5t.,  vol.  29, 1884. 
Forcl  clt4?s  several  other  analyses  of  Lac  I>cman.  See  also  Risler  and  Walter,  Bull.  Soc.  vaud.,  vol.  12, 1878, 
p.  175. 

IC.  Lac  d'Annecy.    Analysis  by  L.  Duparc,  Compt.  Rend.,  vol.  114, 1872,  p.  248. 

L.  The  Douro.    Analysis  cited  in  Mem.  Com.  mapa  gool.  EspaAa,  Prov.  Salamanca.    .Vnal^-st  not  named. 


A 

B 

c 

D 

1 

E 

F 

CO, 

36.48 

13.13 

3.83 

2.86 

!    28.90 

'      2.68 

2.24 

.87 

.05 

6.02 

}    2.94 

39.78 

8.57 

2.95 

4.44 

29.13 

.63 

2.87 

.86 

30.92 
1.72 
2.16 

33.07 
6.59 
1.40 

60.41 

1.53 

.74 

2.35 

33.20 

.40 

1.53 

.70 

34.14 

so, 

CI 

NO,          

24.11 
4.53 

*'  ^-^  J  •  -•---•-• 

Ca 

Mg 

Na 

K 

Li 

14.31 
1.34 

6.93 
1.64 

18.99 

.67 

4.42 

2.50 

25.40 

3.67 

1      4.32 

SiOg 

AlA 

FejO^ 

MnoO, 

9.59 
.19 
.99 

31.59 
6.29 
4.10 

29.53 

'"2.'28' 
1.56 

6.91 

.92 

1.31 

1.97 

1.86 

Trace. 

Salinitv,  Darts  per  million 

100.00 

100.00 
254 

100.00 

134  i 

100.00 
137 

100.00 
230 

100.00 
188 

1  See  W.  W.  Fisher,  The  Analyst,  vol.  29, 1904,  p.  29. 

s  J.  Thoulet  (BuU.  Soc.  g^g.,  7th  ser.,  voL  15, 1894,  p.  557)  gives  pariial  anatj-ses  of  lakes  In  tho  Vosgcs. 
For  French  lakes  in  general,  see  A.  Delebecque,  Les  lacs  fran$ais,  Paris,  1898.  See  also  A.  Delebecque  and 
L.  Dupare,  Compt.  Rend.,  voL  114,  1S92,  p.  9S1;  and  Arch.  sci.  ph3rs.  nat.,  3d  8er.,v6L  27, 1892,  p.  560; 
vol.  28, 1892,  p.  602. 
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Analjfses  o/vButers  in  western  Europe — Continued. 


G 

II 

I 

J 

¥ 

L 

CO, 

27.92 

23.18 

.55 

3.13 

36.69 

26.68 

.71 

.31 

42.37 

18.81 

1.46 

.32 

33.87 

26.66 

.52 

59.14 

Trace. 

.69 

33.73 

V/J.  .............     ............ 

so, 

23.37 

a 

NO, 

7.74 

m 

.41 

S.. 

24.89 

1.48 

2.75 

.88 

13.08 
2.14 

26.42 

3.66 

h    S.98 

1.55 

f 

29.64 

3.17 

J    2.53 

1.70 

27.81 

2.23 

2.53 

.25 

5.63 

1      .50 

34.40 
3.06 

Trace. 

Trace. 
2.71 

•Traces. 

23.93 

Mg 

6.05 

N» 

2.00 

K 

SiO 

1.64 
1.03 

ALO, 

.10 

trty* - 

itJX 

"X*^-  -.-.-•»•  -  -.  .  --«..-»«•.. 

j 

100.00 
182 

100.00 

170 

100.00 
192 

100.00 

152 

100.00 

144 

100.00 

195 

In  the  mountain  complex  of  the  Ali)s,  including  the  Bavarian  and 
Austrian  highlands,  several  great  rivers  of  western  and  central  Em-ope 
take  their  rise.  At  their  headwaters  are  many  small  lakes,  and  these 
have  been  exhaustively  studied.  In  an  elaborate  thesis  by  F.  E. 
Bonrcart/  analyses  are  given  of  33  Alpine  lakes,  and  each  one  is  dis- 
cussed in  the  light  of  its  geologic  relations.  The  following  table  gives 
a  selection  from  this  mass  of  material: 

Analyses  of  water  from  Alpine  lakes. 

A.  LftcTaner,  Canton  Valals.    In  the  Cretaceoos.    A  tjpical  calcareous  water.    Drains  into  the  Rhofie. 

B.  Lftc  de  Cbampex,  Canton  Volais.    In  nUcrogranulite  and  protogfne.    A  type  of  the  water  derived 
tna  igaooas  rocks.    Drains  into  the  Rhone. 

C.  Lac  Noir,  Canton  Friboorg.    In  the  Flysch,  but  also  fed  by  waters  from  the  Trias.    I>rsh»  through 
(he  \ai  into  the  Shbie. 

D.  Lac  d*  Amsoldingen,  Canton  Berne.    In  the  Tlyxh  and  Mdaaaa,    Drains  into  the  Aar. 

E.  Lac  Ritom,  above  Airolo,  Csntoa  Tidno.    Suritace  water. 

F.  Lac  BitooL.  lower  layer  of  water,  below  U  meters  depth.    This  lake  drains  southward  into  Itolv. 


'         A 

n 

c 

26.94 

38.35 

.57 

29.65 

2.27 

.64 

.38 

.71 

.49 

1         D 
. 

53.84 

3.32 

1.77 

33.30 

1.76 

1.80 

.93 

3.03 

.25 

E 

20.00 
47.27 

F 

CO, 

so! 

53.21 

5.29 

.87 

33.74 

1.99 

.75 

.74 

2.37 

1.04 

29.96 

11.93 
9.96 

19.15 
1.32 
8.32 
4.00 

13.93 
1.43 

2.29 
69.89 

a 

Cl 

22.12 
5.47 
1.22 
1.64 
2.28 
Trace. 

22.15 

Mt 

4.96 

iS : 

.09 

JL 

so, 

.15 
.42 

AL0,4-Fe,O,a 

.05 

^^i>*  t  *■  ^j^"'*  •  •  "      

SdiinUy,  parts  per  million 

100.00 
122 

100.00 

27 

100.00 
270.5 

100.00 
201.7 

100.00 
122. 5 

100.00 
2,373 

•  Inrinrtinft  traces  of  manganese. 


1  Tbaii,  UnlT.  Oca«wB,  IMS.    Lea  lacs  alpines  suisscs,  4**,  130  pp.    A  for-  selected  analyses  appear  In 
AidL  set  phys.  nat.,  4th  ser.,  vol.  15, 1903,  p.  467. 
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Analyses  A  to  D  well  illustrate  the  differences  in  origin  of  the 
waters.  E  and  F  represent  a  lake  of  extraordinary  character.  It 
contains  two  distinct  layers  of  water  of  quite  dissimilar  nature.  The 
upper  layer  is  merely  the  water  of  its  affluents,  which  flows  over  the 
denser  water  below.  The  latter  is  essentiaUy  a  strong  solution  of 
calcium  sulphate,  derived  from  neighboring  beds  of  gypsum.  The 
two  layers  do  not  commingle,  and  the  lower  one  has  a  distinctly  higher 
temperature  than  the  upper,  except  at  the  surface.  At  11  meteis 
depth  the  temperature  is  5.1®;  at  the  bottom  it  is  6.6®.  A  similar 
phenomenon,  but  even  more  strongly  marked,  is  shown  by  the  Dlyfe 
Lake  in  Hxmgary,  which  will  be  described  later. 

The  following  table  contains  recalculated  analyses  of  water  from 
several  lakes  in  the  Bavarian  and  Austrian  highlands.^  They  belong 
to  the  basin  of  the  Danube,  into  which  they  drain  through  the  valleys 
of  the  Isar,  Inn,  and  Traun.  One  Italian  lake  is  included  in  this  table 
on  account  of  its  Alpine  relationship. 


Analyses  of  water  from  Bavarian  and  Austrian  lakes. 

A.  Walchensee. 

B.  Kochelsee. 

C.  Starnberger-  or  WQrmsee. 

D.  Tegernsee.    Mean  of  two  analyses. 

E.  Sohliersee.    Mean  of  two  analyses. 

F.  Chiemsee.    Mean  of  five  analyses. 

0.  K5nigsee.    Mean  of  two  analyses. 

Analyses  A  to  0  by  A.  Schwager,  Geognost.  Jahreshefte,  1894,  p.  91;  1897,  p.  65.  All  these  lakes  are ftl 
the  Bavarian  highlands. 

II.  Hallstiittersee,  Upper  Austria.  Mean  of  two  analyses,  snmmer  and  winter  samples,  by  N.  voft 
Lorenz,  Mitt.  Geog.  Ges.  Wien,  vol.  41, 1896,  p.  1. 

1.  Traun-  or  Gmundenersee,  Upper  Austria.  Analysis  by  R.  Oodeffroy,  Jahresb.  ChemJe,  1882,  p, 
1623 .    Organ  ic  matter  rejected . 

J.  Lago  di  Garda,  northern  Italy.  Analysis  by  Schwager,  Geognost.  Jahreshefte,  1894,  p.  91.  Analysss 
of  Italian  waters  seem  to  be  rare.  For  partial  analyses  of  three  small  streams  near  Oderso,  in  northwestern 
Italy,  see  M.  Spiea  and  G.  Halagian,  Gau.  chim.  ital.,  vol.  17, 1887,  p.  317. 


A 

B 

C 

D 

E 

CO, 

50.83 

11.62 

.58 

48.46 

14.78 

.48 

54.69 
4.73 
1.57 

.07 

24.09 

7.98 

.96 
2.14 
1.26 
2.44 

.07 

48.25* 

15.24 

.58 

50.74 

S04 

11.15 

CI 

.55 

NO, 

Ca 

26.49 

7.00 

.99 

.58 

1.00 

1      .91 

24.66 

6.17 

1.52 

1.52 

1.60 

.73 

.04 

.04 

26.17 
6.56 
1.10 
.88 
.44 
.73 
.05 

26.94 

Me 

5.78 

Na 

1.06 

K 

1.07 

SiOo 

1.62 

AlaOg 

1.05 

FeoOj 

.05 

TiOj 

iSalinitv,  parts  per  million 

100.00 
121 

100.00 
227 

100.00 
139 

100.00 
207 

100.00 
190 

1  See  also  incomplete  analyses  of  the  Starnberger,  Kochel,  and  Walchen  lakes  by  J.  Gebbing,  JalireibL 
Oeol.  Gescll.  Miinchen,  1901-2,  p.  55.    Also  W.  Ule's  monograph  on  the  WCbrmaee,  pubUshed  by  tlM ' 
^  Erdkunde,  Leipzig,  in  1901. 
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Analyses  of  water  from  Bavarian  and  Austrian  taken — Continued. 


F 

(; 

H 

I 

J 

CO, 

49.58 

12.09 

1.92 

50.59 
6.54 

.65 

.05 

32.65 

3.41 

.70 
1.24 
1.73 
2.33 

.11 

38.43 

9.43 

10.94 

51.68 
8.99 
2.44 

53.29 

80- 

4.17 

a 

3.13 

PC 

Ca 

23.22 
8.17 
2.18 
.97 
.92 
.89 
.06 

26.37 
8.88 
6.50 
2.77 
1.31 

'   .37 

27.54 
5.21 
2.82 

"""*3i* 
1.01 

24.56 

Mr 

6.66 

xi:..:..:: 

2.49 

K 

2.01 

fiiO 

2.33 

ALO, 

1.21 

ni}Vf|  ...  .   -   .......  ................... 

FeCo. 

.15 

1 

Srimity.  partH  ppr  million  x 

100.00 
191 

100.00 
98 

100.00 
137.5 

100.00 
99 

1  00.00 
178 

These  lakes  are  surrounded  by  sedimentary  rocks,  and  all  except 
that  of  Hallstatt  are  much  alike  chemically.  Magnesiiun,  with  two 
e-xceptions,  is  decidedly  above  its  average  amount  in  lake  and  river 
waters,  a  fact  which  is  due  to  the  presence  of  much  dolomite  in  the 
lake  region.  The  high  chlorine  and  sodium  of  the  Hallstatt  lake  are 
derived  from  neighboring  salt  beds. 

For  the  Rhine  and  its  tributaries  a  good  number  of  analyses  are 
available.^  The  following  table  contains  a  part  of  them,  recalculated 
to  modem  standards,  with  organic  matter  rejected: 

Analyses  of  water  from  the  Rhine  and  its  tributaries. 

K.  Lake  of  Zurich.  Analyses  by  Moldenhaucr,  1857,  cited  by  Roth,  Allgcmeinc  und  chcmische  Goologle, 
T«L  1,  p.  456. 

B.  The  Aar  at  Bern.    Analysis  by  J.  S.  F.  Pagenstecher,  1837,  cited  by  Rcth. 

C.  Tbe  Rhine  at  Basel.    Analysis  by  Pagenstecher,  loc.  cit. 

D.  Tbe  Rhine  at  Strasburg.  Analysis  by  H.  Sainte-Claire  Dcville,  Annales  chim.  phvs.,  3d  ser.,  vol.  23, 
lMS,p.4Z 

E.  The  Rhine  near  If  ainz.  Analysis  by  E.  Egger,  Notizbl.  Ver.  Erdkimde,  Darmstadt,  1887,  p.  9.  An 
evber  analysis  is  in  the  volume  for  1886,  p.  21. 

r.  The  Rhine  at  Colopie.    Mean  of  seven  analyses  by  H.  Vohl,  Jahrcsb.  f  hemic,  1S71,  p.  1323. 
<J.  The  Rhine  at  Amheim.    Analysis  by  J.  W.  (Junning,  Jahresb.  Chemic,  1854,  p.  767, 


CO,.. 
80,.. 

a... 

NO,.. 

^•• 

Ca... 

Na... 
K,... 
8iO,.. 
Ajjo,. 


Si^ty,  parts  per  million 


51.64 

7.90 

.59 


29.10 
5.11 
1.60 
2.00 
2.06 


100.00 
141 


B 


48.60 

14.63 

.08 


) 


30.54 
4.71 
.18 

1.26 


100.00 
213 


D 


53.05 

7.96 

.57 


} 


33.53 

2.87 
.73 

1.29 


100.00 
166 


36.69 

8.38 

.52 

1.00 


25.30 

.61 

2.17 

.66 

21.07 

1.09 

2.51 


E 


41.12 

11.13 

3.65 

1.63 

(°) 
31.81 

3.95 

2.08 

1.05 

2.69 

.89 


} 


100. 00   100.  00 
232         178 


46.96 

12.  95 

4.22 


.24 

26.48 

6.15 

2.73 

.02 

.15 

.04 

.06 


100.00 
190 


35.79 

12.23 

7.10 


} 


26.18 
3.84 
6.34 
4.04 
3.59 

.89 


100.  00 
159 


' 'or  an  imperfect  analysis  of  the  Bodemsee  (Lake  of  (onstame)  see  11.  Bauer  and  II.  Vogel,  Jahres- 
]^  Ver.  raterL  Natork.  WOrtt^nbcrg,  vol.  48, 1892,  p.  13.  Many  pariial  analyses  of  waters  from  Rhino 
UtetaiiesaregiTeiiby  E.  Egger,  Notixbl.  Ver.  Erdkundc,  Darmstadt,  1908,  p.  105;  1909,  p.  87.  These 
tvep^Mn  are  on  tbe  hydrocbemistry  of  the  Rhine. 
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Analyses  of  water  from  the  Rhiiu  and  its  tributaries — Continued. 

11.  Tha  Whito  Uain. 

I.  The  Red  Main. 

J.  Tbo  united  Main.  Analyses  II,  I,  and  J  by  E.  Spaeth,  Inang.  IMss.  Erlangen,  18S9.  Bp^etfa  aba 
gives  analyses  of  water  from  the  Rodach,  Haslach,  and  Efonach,  tributaries  of  the  Main. 

K.  The  Main  above  Ollenbach.    Analysis  by  €.  Mcrz,  Jaliresb.  Chcniie,  1886,  p.  987. 

L.  The  Main  at  Frankfort.  Analysis  by  G.  Kemer.  Cited  by  F.  C.  NoU,  Inaug.  Diss.  Tflblngcn,  1866, 
from  a  report  publiahod  at  Frankfort  in  1861. . 

M.  TheMainncar  its  mouth.    Analysis  by  E.  Eg{^r,  Notizbl.  Vcr.  Krdkunde,  Darm.stadt,  1886,  p.  17. 

N.  The  Naho  at  Bingen.    Analysis  by  Egf^er,  idem,  1887,  p.  5, 


CO3 

SO4. 

01. 


NO,. 

PO,.. 

Ca... 

Mg... 

Na... 

K.... 

SiO^. 

AljO, 

Fo,0, 


36.15 

16.33 

5.60 

1.66 


Salinity,  parts  per  million 


22.58 
4.26 
4.10 
1.66 
6.47 

1.19 


} 


100.00 
126 


41.83 

14.89 

5.00 

.71 


23.91 
5.85 
2.64 
1.75 
3.10 

.32 


1 


100.00 
194 


39.69 

15. 46 

4.76 

1.43 


23.07 
5.52 
2.86 
2.04 
4.69 

.48 


} 


100.00 
147 


K 


34.39 

26.41 

4.69 


23.56 
6.90 
1.73 


} 


1,90 
.42 


100.00 
240 


L 


35.85 

24.69 

1.91 


21.81 
7.30 
1.25 

Trace. 
6.67 


} 


.52 


100.00 
221 


M 


29.43 

22.43 

8.39 

1.12 

19.57 
5.77 
6.64 
1.44 
4.12 
.99 
.10 


N 


100.00 
299 


} 


35.43 
7.91 

15.37 

2.61 

.41 

18.64 
5.54 
4.28 
5.40 
4.05 

.36 


100.00 
182 


d  Included  with  AI2O3,  etc. 


These  amJyses  arc  evidently  of  very  unequal  value.  The  high 
silica  found  in  the  Rhine  by  Deville  is  suspicious,  and  j^et  Deville  was 
an  accurate  manipulator. 

One  of  the  most  thorough  hydrochemical  studies  ever  made  of  any 
European  river  system  is  that  of  the  EUbe  and  its  Bohomiaa  taibu- 
tai'ie^  by  J.  Hanamann.^  In  two  memoirs  upon  the  waters  of  Bo- 
hemia he  gives  over  one  hundred  and  twenty  analyses,  tracing  nearly 
all  of  the  important  streams  in  the  upper  Elbe  basin  to  their  sources, 
correlating  each  one  with  the  geological  formations  in  which  it  rises, 
and  showng  the  effect  produced  by  their  union.  Of  the  EHbe  itself 
thirteen  analyses  are  given;  of  the  Eger,  eighf;  of  the  Iser,  six; 
and  so  on.  From  this  wealth  of  material  only  a  small  part  can  be 
reproduced  here,  recalculated  as  usual  to  our  uniform  standard  and 
beginning  with  the  tributaries.  A  few  analyses  are  also  given  from 
a  rich  mass  of  data  derived  from  other  authorities.^ 


1  Archiv  Naiur.  Landesdurchforschung  Bohmon,  vol.  9,  No.  4, 1804;  vol.  10,  No.  5, 1898. 

s  other  data  relative  to  the  Elbe  and  its  tributaries  aro  given  by  J.  J.  Broitenlohnor  (VerhandL  K.-k. 
gool.  Reichsanstalt,  1876,  p.  172)  and  F.  UUik  ( Abhandl.  K.  bohm.  Gosell.  Wiss.,  6th  scr.,  vol.  10, 1880). 
For  anal>'ses  of  the  Elbe  at  liauenburg,  Hamburg,  and  Neulcldt,  see  H.  Stissenguth,  cited  by  F.  Scbudkt, 
Jahrb .  K .  preuss .  geol .  Landcsanstalt ,  vol  •  25, 1 897,  p .  442.  An  anal  ysis  of  the  Moldau  at  Prague  by  F .  Stolba 
is  given  in  Jour.  Cham.  Boc.,  vol.  27, 1874,  p.  971.  For  an  analysis  of  River  Radbuza  above  Pilsen,  see  the 
same  author,  Jahresb.  Chcmie,  1880,  p.  1521.  According  to  A.  Sch%vagcr  (Geognost.  Jafareshefte,  1801,  p. 
35),  the  Saalc  carries  oat  of  Bavaria,  annually,  17,380,000  kilograms  of  dissolved  matter,  and  the  Eger  caniiB 
14,000,000  kilograms.  For  additional  data  on  the  waters  of  the  Elbe  and  the  Saale,  see  R.  Kolkwits  tnd 
P.  Ehrlieh,  Mitt.  K.  PrOfungsanstalt  fttr  Wassorversorgung,  Heft  9,  BerUn,  1907,  p.  1. 
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Analyaes  of  the  Elbe  and  Us  IribiUaries. 

A.  The  Maldaa  abore  Ftaeae.  Mean  oT  thne  analyses  by  A..  BAlohoubek,  Sitsungsb.  K.  bdhm.  GeseU. 
WlS5.,lS76^p.27. 

B.  Ite  Xoldaa  below  Kralup. 

C.  Tte  JUIler  near  its  moutli. 

D.  Hie  ber  at  iUi  source. 

E.  Tbe  Iser  near  its  mouth. 

P.  The  EgBr  at  Us  source.    Analysis  by  E.  Spaeth,  Inaug.  Diss. ,  Eriangen,  1S89. 

G.  The  Eger  above  Konigsberg. 

H.  The  Eger  near  its  mouth,  at  Bauschowitz. 

L  The  Stale  near  its  flooroe.   AnalyiisbyBpai^hyloccit. 

J.  The  Saaio  at  BlanJoenstein.  Analysis  by  A.  Schws^er,  Geognost.  Jahreshef  te,  1891,  p.  91.  Schwager 
aboslTes  analyses  of  the  Saale  at  throe  other  pdnts,  of  its  tributaries  the  Pulsnltz,  Bchwesnits,  Begnltc, 
aii  Sdhiti,  of  the  Eger,  and  of  the  upper  Main. 

E.  The  Weftsswasser,  one  of  the  two  cfaiof  sources  o(  tho  Elbe. 

L.  Tbfb  Elbe  at  Celakowitz,  above  tho  mouth  of  the  Iser . 

K.  ThB  Elbe  at  Melnik,  above  the  mouth  of  the  M(Mau. 

N.  The  Elbe  at  Leitmeritz,  above  the  Eger. 

0.  The  Elbe  at  Ix>bositz,  below  the  Eger. 

P.  The  Elbe  at  Tetaciicn,  near  the  Bohemian  frontier. 

Thtaoelyaes  are  by  Hanamonn,  except  where  otherwise  stated. 


A 

n 

34.52 

10.20 

10.17 

1.76 

.36 

16.71 

4.64 

8.40 

4.05 

4.99 

4.20 

(' 

D 

E 

F 

o 

II 

CO, 

80. 

32.86 
1L95 
10.69 

46.23 
7.44 
3.20 
L43 

21.29 
6.94 

11.08 
1.24 

47.74 

6.55 

3.00 

.78 

....... 

11.68 

7.06 

23.85 

26.64 

19.22 

8.16 

.50 

26.84 
27.45 

WV|.  ................ 

a 

xo, 

6.55 
.46 

PO....  

.47 

ia52 

4.88 
10  22 
6.19 
8.96 
L26 

f..*. 

26.73 
2.45 
4.29 
2.38 
5.53 
.32 

8.14 

2.19 
13,86 

5.54 
28.39 

1.33 

28.15 
2.47 
3.71 
2.01 
4.96 
.63 

6.79 

2.24 
11.93 

6.71 
26.07 

3.67 

12.86 
3.51 

1L66 
2.98 

12.19 
2.28 

15.42 

4,05 

10.46 

K 

SiO^ 

3.50 
4.  17 

(Al,Fe),0, 

1.  10 

Salinity.    i>arla     per 
PuUion       .    .    

100.00 
74 

100.00 
104 

100.00 
195 

100.00 
16 

100.00 
183 

100.00 
17 

100.00 
80 

100.00 
176 

I 

J 

K 

L 

45.87 
8.95 
3.27 

>l 

N 

o 

38.41 

12.45 

5.96 

r 

CO, 

14.71 

5.84 

19.40 

27.  01 

20.94 

10.34 

.43 

1.62 

14.19 

5.98 

8.98 

2.99 

4.79 

1.88 

.85 

16.84 

12.86 

7.61 

45.04 
8.88 
3.56 

40.27 

10.86 

5.00 

35.88 

so!. 

14.88 

a 

5.87 

NO, 

NO," 

4.28 
8.76 
2.19 

11.06 
2.01 

31.21 

3.18 

.90 
20.  41 
3.21 
3.93 
2.46 
4.09 

I    .91 

4 

.94 
26.37 
2.77 
4.02 
3.06 
4.66 

I    .70 

1.22 
22.87 
3.24 
5.62 
2.79 
7.27 

1    .86 

1.28 

22.  19 

3.23 

6.35 

2.  S7 
G.42 

1    .84 

].  40 

VJ.  ........... 

Ci 

4.02 
6.37 
9.90 
4.66 
35.10 

JTracee 

20.  92 

Ifg 

3.63 

k[ 

6.09 

K 

3.  16 

m. 

7.  13 

ALO, 

}     1.04 

-JVJ.  ...... *_. 

PcjO, 

>^VJ.   ............... 

Salinity,    parts    per 
"*illioD 

100.00 
17 

100.00 
117 

100.00 
13 

100.00 

221 

100.00 
205 

100.00 
157 

100.00 
153 

100.00 
148 

At  their  sources  these  streams  are  characterized   by  very  low 
almity  and  a  high  proportion  of  silica  and  alkalies.     They  grad- 
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ually  in<MfeAoe  in  fialinity,  and  by  blending  one  with  another  approach 
more  and  more  nearly  the  normal  type  of  river  waters,  Tlie  Eger 
is  imusnally  rich  in  alkalies  and  chlorine.  The  minor  tributaries  of 
the  Elbe  vary  widely  in  composition^  but  in  general  calcium  and  car- 
bonates are  the  cliiof  constituents.  In  the  Schladabach,  however, 
a  small  affluent  of  the  Eger,  sodium  and  the  sulphuric  radicle  pre- 
dominate, and  in  the  Chodaubach,  another  tributary  of  the  same 
river,  there  is  a  solution  of  gypsum  with  no  carbonates.  When  the 
Schladabach  enters  the  Franzensbad  moor  it  carries  94  piirts  per 
million  of  fixed  mineral  matter;  it  leaves  the  moor  with  a  load  oi 
1,542  parts.  This  change  serves  to  show  the  importance  of  groimd 
water  in  modifyiag  the  chemical  character  of  a  stream — ^a  point 
already  noticed  in  studying  the  rivers  of  Colorado.  For  details  con- 
cerning these  and  many  other  small  tributaries  of  the  EUbe  basin, 
Hanamann's  original  memoirs  should  be  consulted.  They  will  well 
repay  careful  study. 

One  table  of  analyses  given  by  Hanamann  is  peculiarly  instructive. 
It  consists  of  averages,  showing  the  composition  of  Bohemian  waters 
as  related  to  the  rocks  from  which  they  flow.  These  averages, 
reduced  to  the  standard  herein  adopted,  are  as  foUows: 

Average  composition  of  Bohemian  waters,  elmsified  according  to  source. 


A.  From  phyllite,  Ave  analyses. 

B.  From  granitA,  six  analyses. 

C.  From  mica  schist,  six  analyses. 


P.  From  basalt,  four  analyses. 

E.  From  the  Cretaceous,  four  analyses. 


CO3. 
SO,. 
CI.. 
C'd.. 

Mg., 
Na.. 
K... 
RiOj 
Fe,0 


a^-'a- 


Salinity,  parts  per  million. 


A 

B 

C 
32.14 

D 

E  • 

35.94 

30.49 

46.85 

33.01 

6.45 

14.12 

12.86 

7.94 

27.69 

10.15 

6.39 

7.24 

1.66 

2.87 

11.91 

11.89 

12.61 

20.07 

22.12 

5.02 

3.58 

5.08 

5.76 

5.29 

11.20 

10.57 

10.85 

6.22 

3.43 

4.39 

5.63 

4.22 

3.20 

2.72 

14.94 

17.33 

15.00 

7.67 
.63 

2.87 

1 

100.00 

100.00 

100.00 

100.00 

100.00 

48 

65 

74 

343 

603 

The  high  figures  for  silica  and  sodium  in  the  first  three  of  these 
analyses  reflects  the  origin  of  the  waters  in  areas  of  crystalline  rocks. 

The  water  of  the  Danube  and  its  tributaries  above  Vienna  has  been 
the  subject  of  many  investigations.  The  following  table  contains  a 
selection  from  among  them.  Except  as  otherwise  stated  the  analyses 
are  by  A.  Schwager.^ 

1  fieognost.  Jahreshefte,  1893,  p.  84.    In  Schwager's  analyses  the  iron  b  given  as  FeO.    It  is  here  reoil-' 
culated  into  Fe,Oa.    Traces  of  Mn,  TiOs,  and  PtO»  are  ignored. 
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Analyses  of  water  from  the  DanuSeaAH  Its  tribtUaries, 

A.  TlM  Woonits  above  WasaertrOdiiigen,  Bavaria.  *'   '^ 

B.  The  AttmfUil  above  Herriedoi,  Bavaria.  /    J     • 

AbaIjsm  a  and  B  by  E.  MOUer,  Inaag.  Diss. ,  Eriangen,  1803.  Other  disSer^utior^  upon  Bavarian  waters 
inbyB.  KShn,  1880;  If.  Lechler,  1802;  J.  ICayrhofer,  1885;  all  from  Erlangen;  .Spfteth's  dissertation  has 
alratdy  beneited.  Tbere  is  also  one  from  WOnbnrg,  by  F.  Pecher,  1887.  In  each  dissertation  the  waters 
IT*  studied  ceolosically. 

C.  TtaeNaab.  "  •    '  „     '    ^ 

D.  TIM  H«gen.  For  older  but  incomplete  analyses  of  the  Regen,  Ilz,  and  Rachelsee,  see  it.  S.  .Tohilson^ 
IMig^  Annalen,  vol.  95, 1855,  p.  230.  An  anal>^  cf  Danube  water  taken  at  Vienna  was  made  by.O-. 
Sbebolin  IS52.    An  analysis  of  the  Naab  at  its  source  is  given  by  Spaeth,  loc.  cit.  • 

E.  The  laar.    For  an  analysis  of  the  Isar  at  Munich,  see  G.  Wittstein,  Jahresb.  Chemie,  1861,  p.  1007. 
P.  The  VUs  at  Vilsbofen.    Analysis  by  C.  Metzger,  Inaug.  Diss.,  Erlangen,  1802.    Metzger  also  gives 

oalyseiof  the  Regen,  Naab,  lis,  and  Inn,  of  the  two  Arber  Lakes  and  Black  Lake  at  the  headwaters  of 
tb»  Regen,  of  the  Lube,  Pf  reimt,  and  lesser  Vils,  tributaries  of  the  Naab,  and  of  the  Danube  at  five  difler- 
«Bt  pc^ts.  His  work  curiously  overlaps  or  coincides  with  that  published  by  Schwager.  It  includes 
ftekgic  correlations. 

G.  The  lis. 

R.  The  Inn. 

I.  The  Erbu. 

J.  The  Danube  above  the  Naab. 

K.  The  Danube  above  Regensburg. 

L  The  Danube  above  the  lis  and  Inn. 

H.  The  Danube  12  kilometers  below  Passau. 

N.  The  Danube  at  Qreifenstein,  20  kilometers  above  Vienna.  Mean  of  23  analyses,  by  J.  F.  Wolfbauer. 
of  samples  taken  at  intervals  of  16  days  throughout  the  year  1878.    Monatsh.  Chemie,  vol.  4, 1883,  p.  417, 

0.  The  Danube  at  Budapest.  Analysis  by  M.  Ballo,  Ber.  Deutsch.  chem.  Gesell.,  vol.  11, 1878,  p.  441. 
Biearbonates  are  here  reduced  to  normal  salts. 


A 

B 

C 

D 

E 

F 

G 

H 

CO, 

41.14 

19.36 

3.66 

12.64 

60.31 

1.93 

47.23 

9.54 

4.42 

.11 

.23 

20.70 

8.14 

3.11 

1.81 

3.51 

.90 

.30 

27.55 

11.14 

5.88 

.37 

.71 

12.07 
4.02 
6.5i) 
4.37 

19.50 
6.50 
1.39 

49.53 

12.07 

.46 

52.43 
3.29 
2.01 

15.87 

18.26 

2.78 

.59 

.59 

4.37 

2.  18 

9.92 

4.37 

32.  54 

7.94 

.59 

44.85 

80,.".*.*.*."."."! 

14.40 

n 

2.20 

NO, 

.09 

NO, 

.28 

ca.!.......:: 

21.  8A 
7.54 
2.37 
2.29 
1.28 

23.63 

1.15 

1.26 

7.40 

.98 

25.65 
6.04 
2.14 
1.41 
1.45 
1.04 
.21 

21.81 
7.85 
3.67 
4.79 
3.72 

}    .43 

15.10 

Mg 

6.23 

Ni.:::....:::. ...... 

2.20 

K 

1.13 

SiO, 

2.89 

AlA 

}    .  55  1    .70 

.44 

Pe,0, 

.19 

^^^-^  J-  --------*■»••••• 

Salinity,    parts     per 
million -  ^  r . 

100. 00  jlOO.  00 

325  '  461.  5 

t              1 

100.00 
110 

100.00 
38.3 

100.00 
203.5 

100.00 
217 

100.00 
30 

100.00 
166 

I 

J 

K 

L 

M 

43.29 

10.52 

2.25 

.06 

1.19 

65.46 

6.31 

1.84 

1.36 

2.20 

.46 

.06 

1 

:       N 

1 

0 

CO, 

16.77 

14.78 

5.75 

.41 

.41 

8.62 

1.50 

8.95 

4.37 

28.73 

9.30 

.41 

53.51 
7.11 
1.20 

"'V23' 

26.88 

6.21 

1.47 

.96 

1.59 

.78 

.06 

51.70 

8.54 

1.31 

.06 

.25 

27.40 

6.00 

1.12 

.72 

2.42 

.42 

.06 

50.16 

8.85 

1.20 

.06 

2.14 

26.59 

6.01 

1.34 

1.12 

2.01 

.46 

.06 

50.10 

8.81 
1.44 

49.03 

80  *.*.'.'*.'."!'. 

13.  69 

CI 

1.40 

NO, 

NO,!!!.."!!.! 

1.24 
26.28 
5.95 
1.69 
.94 
3.35 

Ci 

26.  78 

Ife 

6.97 

nS...  !!!!! 

.93 

K 

m. 

1.20 

ALO, 

Pe,Oa 

.20 

Trace. 

'^^'i*  ••••••-•••"■■""• 

Bilinity,     parts    per 
million  ......TT--T-. 

100.00 
47 

100.00 
217 

100.00 
204 

100.00 
201 

100.00 
184 

100.00 
1.67 

100.00 
151 
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mm 

Although  the  tributary.; voters  (which  should  include  the  waters  of 
the  Bavarian  lakes  p^'givcrl  in  a  previous  table)  show  great  differ- 
ences in  oharactQr,.UiJfe  regularity  exhibited  by  the  Danube  itself  is  • 
very  striking.  {'THc  water  of  the  Danube  is  essentially  a  calcium 
carbonat,«  water,*  but  the  sulphates  in  it  t«id  to  increase  in  going 
dowpsf rjaam.  According  to  Wolfbauer,  the  river  carries  pa^t  Vienna 
a  deijy  charge  of  25,000  metric  tons  of  matter  in  8<4ution.  TTiis  is 
,  /•.equivalent  to  an  annual  load  of  9,125,000  metric  tons.  The  mecham- 
,|  icaTl  sediment  transported  at  the  same  time  is  only  three-fifths  as 
much. 

Analyses  of  a  few  more  waters  of  central  Europe  are  given  in  the 
next  table.* 

An^ilyses  of  vat cr  from  central  Europe. 

A.  Tlio  Wcscr  at  Kekum,  U  kilometers  above  Its  mouth,  ifean  of  two  analyses  by  F.  Seyfert,  Inoug. 
Diss.,  Rostock,  1^^.    Contamination,  tidal  or  other,  is  evident. 

B.  The  Oder  near  Breslau.  Pample  taken  at  high  water.  Analysis  by  O.  Luedecke,  Das  Wasser  des 
Odcrthal<»,  etc.,  Leipzig,  1007.  Another  ^mplo  at  low  water  .showed  contamination.  Other  analyses  of 
ground  and  well  waters  are  given. 

C.  fho  Vistula  at  Culm.  Analysis  by  G.  Bischof,  Lehrbucfa  der  cbemlschen  und  phjrsikallschen  Geo- 
logic, 2d  od.,  vol.  1, 1863,  p.  275. 

D.  Balaton-  or  Plattens^,  Tlungary.  Analysis  by  L.  von  Hosvay,  in  Hesultate  der  wissensch.  Erforscfa. 
Balatonsees,  vol.  1, 1898,  p.  G.    Reduced  from  bicarbonate  form. 


A 


B 


C 


CO,... 
SO,... 
CL... 
Ca. . . . 
Mg... 
Na... 
K.... 
SiO,.  - 

AlA- 


Salinity,  parts  per  milUon. 


22.13 

22.77 

17.  M 

18.50 

3.11 

10.25 

1.95 

3.75 


100.00 
281 


} 


17.92 
23.60 
5.45 
28.09 
3.28 
6.45 
6.35 
6.57 

3.28 


100.00 
91.5 


} 


47.78 
9.49 
2.70 

28.52 

4.44 

1.57 

.39 

4.49 

.62 


100.00 

178 


1) 


38.80 

21.47 

2.96 

8.87 

12.81 

6.14 

3.27 

4.48 

.82 

•  36 


160.00 

512 


The  Balaton  Lake  has  an  exceptional  composition.  The  other 
anal}^03  in  the  table  are  of  minor  miportance.  Tlio  rivers  repre- 
sented by  them  need  more  stud3\ 

For  Sweden  a  single  table  of  analyses  mxist  siiSice,  reduced  from 
the  data  given  by  O.  Hofman-Bang.^  The  month  in  which  the 
water  was  taken  i^  given  for  each  analjTsis. 

1  For  three  smaU  lakes  near  Halle  and  Eisleben  see  W.  Uie,  Die  Mansidder  Seen,  Inaug.  Diss.,  lUUa, 
1888.  A  memoir  by  J.  Wolff  (Chemldche  Analyse  der  wichtigsten  FlOsse  and  8een  Meeklenburgs,  Wiee- 
baden,  1872)  contains  analyses  of  8e\'«fBi  small  rivers  and  lakes.  Bee  also  A.  Jentisch  (Abhandl.  K.  prauM. 
geol.  Landesanstalt,  new  ser.,  lleft  51,  p.  96, 1912)  for  other  analyses  of  North  German  lakes. 

>  Bull.  Geol.  Inst.  Upsala,  vol.  6, 190S,  p.  101.  In  addition  to  his  own  work  the  author  cites  other  auiyM 
of  Swedish  river  and  spring  waters.  Solvent  denudation  in  Norrland  ho  estimates  at  9  Bftatric  tooa  par 
square  kilometer,  or  23.3  tons  per  square  mile. 
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lOS 


A  TliiBjsk»^,7ol7. 
S.TteKknir,ApKiL 
a  ThiKlsrelO  October. 
D.  Tbe  I^losmii,  Time. 


Analyses  of  Swedish  waters. 

£.  The  Indalself,  June. 

F.  The  Fyris,  April. 

G.  The  Fyris,  October. 


A 

B 

c 

D 

E 

F 

0 

CO, 

50.60 
4.10 
4.75 

39.44 
5.85 
5.10 

38.68 

7.63 

2.24 

.46 

43.11 

4.57 

4.53 

Trace. 

43. 93 
7.24 
3.81 

Trace. 

18.04 

.38 

11.33 

4.89 

5.78 

4.60 

29.14 

24.58 

3.15 

Trace. 

14.30 

vvr|.  ................ 

SO. 

a 

NO, 

39.08 

3.27 

.13 

m 

Ci 

K 

11.57 
.64 
9.90 
9.00 
7.57 
1.96 

14.95 

.51 

1  18.77 

13.09 
2.29 

11.67 
.51 

8.42 

3.78 

19.17 

7.44 

17.34 

.24 

9.05 

5.87 

13.70 
1.59 

100.00 
24.8 

27.49 
1.69 
2.92 
2.36 
6.00 
2.67 

27.99 
2.11 
3.33 
1.73 

SiO,, 

(AlFe^203 

6.19 
1.87 

Salinity,    parts     per 
million                

•100.00 
19.25 

100.00 
27.6 

100.00 
25.5 

100.00 
33.7 

100.00 
170.3 

100.00 
178.1 

The  remarkably  low  magnesia  and  high  proportion  of  alkalies  are 
distinctive  peculiarities  of  these  waters.  The  variability  of  the 
Fyris  affords  another  good  example  of  the  fact  that  little  significance 
can  be  attached  to  a  single  analysis  of  a  river  water. 

Of  Russian  fresh  waters  only  a  few  analyses  are  available,  as  follows: 

Analyses  of  Rtissian  tvaters, 

A.  The  .Ingemsee.    Mean  of  two  analyses. 

B.  The  Bahitsee. 

Analyses  A  and  B  by  F.  Ludwig,  Die  EOstenseen  des  Rigacr  Moorbuscns,  published  by  the  Naturforscher- 
Verdn  at  Riga,  1908.  This  memoir  contains  analyses  of  27  small  lakes  near  Uiga  and  close  to  the  Ciulf  of 
fiift.   Most  of  them  are  of  calcium  carbonate  waters,  but  in  a  few  the  sulphate  is  predominant. 

Axalyses  C  to  O  arc  all  by  C.  Schmidt  of  Dori>at. 

C.  Lake  Onega.    M^l.  chim.  phys.  Acad.  St.  Petersburg,  vol.  11, 1882,  p.  G37. 

D.  Lake  I'dpuF.  Bull.  Acad.  St.  Petersburg,  vol.  24, 1878,  p.  423.  Sc^hmidt  has  also  analyzed  water  from 
the  small  rivers  Kmbach  and  VeHkaya,  tfibntary  to  Lake  Fdpiis.    SeeM^l.  chim.  phjrs.,  vol.  8, 1873,  p.  401. 

E.  The  Dwina  at  Archangel.    Analysis  cited  by  J.  Roth,  AUgcmcine  chemische  Geologic,  vol.  1,  p.  !57. 

F.  River  Om  above  Omsk.   M^m.  Acad.  St.  Petersburg,  vol.  20,  No.  4, 1873. 

G.  Lake  Baikal,  Siberia.    Same  reference  as  analysis  B. 

H.  The  Dniester  near  Odessa.    Analysis  by  J.  G.  N.  DragcndorlT,  Jahresb.  Chemie,  1863,  p.  885. 

Pirtial  analyses  of  five  Finnish  river  and  lake  waters  are  given  by  O.  Aschan,  Jour,  prakt.  Chemie,  2d  scr., 
vol.  77, 1908,  p.  172.  For  an  analysis  of  the  small  I>ako  Ingol,  Government  of  Ycneseisk,  Siberia,  see  8.  S. 
Zaicski,  Chem.  Zcitung,  vol.  16, 1S82,  p.  mi. 


CO,,. 

so,., 
a... 

NO... 

fe;: 

K 

Rb... 

SiO,. . 


8tKnity,     parts     per 
milhon 


51.80 
7.51 
2.99 


23.57 
7.89 
2.18 
1.00 


1.01 
.57 

.88 

100.00 


n 


40.14 

23.45 

1.09 


27.10 

5.49 

.88 

.33 


.84 
.55 
.13 


100.00 
238 


c 

25.76 

5.36 

13.97 

4.11 

.47 

8.99 

6.86 

13.34 

9.52 

.11 

.56 

10.52 


.43 
lOO^OO" 

49.  1 


D 


59.57 

.62 

3.69 

.45 

.14 

25.54 

4.15 

2.75 

2.07 


.10 

.78 


14 


100.00 


E 


26.38 
18.95 
17.71 


.29 

12.38 

7.58 

8.98 

5.55 


1.74 


.44 
100.00 

1.S7 


F 


43.73 

2.15 

12.81 


11.24 
9.68 
9.64 
2.82 

Trace. 


6.51 


1.42 
100.00 

447 


G 


49.85 

6.93 

2.44 

.21 

.72 

23.42 

3.57 

5.85 

3.44 


.08 
2.03 


1.40 


100.00 
09 


II 


32.  51 

23.62 

8.93 


25.25 
5.33 

.01 
3.75 


100.00 
197 
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BIVEB8  OF  INDIA  AND  JAVA. 

Analyses  of  Asiatic  fresh  waters,  apart  from  the  two  Sibmaa 
examples  cited  in  the  preceding  table,  seem  to  be  very  rare.  A  few 
only  are  available  for  citation. 

Analyses  of  waters  from  India  and  Java, 

A.  The  Mahanuddy  near  Cuttack,  India.  Analysis  by  R.  Nicholson,  Jour.  Chem.  Soc.,  vol.  3R,  187S, 
p.  229.  Fe  recalculated  Into  rejOs.  Part  of  the  silica  is  probably  combined  as  a  silicate,  being  needed  to 
saturate  the  bases. 

B.  The  Serajoe  at  Djcnggawoer,  Java.  Analysis  by  E.  C.  J.  Mohr,  Mededeelingen  Dep.  Landboow, 
No.  5,  Hatavia,  1908,  p.  81.    Another  analysis  is  given  of  the  river  at  another  p<Ant 

C.  The  Merawoe.    Analysis  by  Mofar. 

D.  The  Pckat  jangan.    Analysis  by  Mohr. 

The  last  two  rivers  are  tributaries  of  the  Perajoe.  Mohr  did  not  determine  carbomc  acid.  It  is  hen 
calculated,  in  all  three  analyses,  to  satbfy  bases.  The  salinity  here  therefore  differs  from  that  givett  by 
Mohr. 


CO,... 

so,... 

CI.... 
NOj.. 
PO,... 
Ca.... 
Mg..., 
Na.... 

K 

SiOj.. 
AI0O3. 
Fe;03. 


Salinity,  parts  per  million. 


27.06 

1.08 

2.04 

7.44 

.72 

15.78 
4.62 
5.92 
1.64 

33.45 


25 


100.00 
86 


B 


} 


26.01 

14.78 

6.74 


1.64 
11.75 
3.45 
9.12 
S.37 
23.81 

.33 


100.00 
122 


29.38 

16.84 

5.61 


} 


L31 
14.69 
S.37 
4.95 
3.83 
19.65 

.37 


100.00 
107 


} 


30.84 

ia26 

3.04 


L21 
16.64 
2.43 
6.59 
a34 
17.25 

.40 


100.00 
99 


The  Mahanuddy  rises  in  a  r^ion  of  igneous  and  crystalline  rocks, 
and  its  silica  is  therefore  relatively  high.  The  same  appears  to  be 
true  of  the  Javanese  rivers. 


THE  NILE.i 

The  water  of  the  Nile '  has  been  repeatedly  analyzed,  with  varying 
results.    The  best  data  are  as  follows: 

1  An  important  memoir  by  A.  Lucas  (The  chemistry  of  the  River  Nile:  Survey  Dept.  Paper  No.  12, 
Ministry  of  Finance,  Egypt,  1908)  contains  much  chemical  matter  in  addition  to  the  analyses  dted  here. 
A.Ch^u(Le  Nil,  le  Soudan,  T^gypte,  Paris,  1891)  gives  some  very  questionable  analyses  of  the  Bhie  Nile, 
the  White  Nile,  and  the  Nile  near  Cairo.  According  to  Ch^lu  the  river  carries  past  Cairo  annually  51,428,500 
metric  tons  of  suspended  solids  and  20,772,400  metric  tons  in  solution.  On  nitrates  in  the  Nile  see  A.  If  unti, 
Compt.  Rend.,  vol.  107, 1888,  p.  231. 

s  Analyses  of  the  other  great  African  rivers  seem  to  be  lacking.  For  the  Ch^lif  and  references  to  some 
smaller  Algerian  streams  see  p.  68  of  this  bulletin. 
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Analyses  of  loaUrfrom  the  Nile. 
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A.  The  Victoria  Njruua.  Analysis  by  O.  Chadwick  and  B.  Blount,  Minutes  of  Troc.  Inst.  Civil  Eng., 
fd.  56,  p.  30, 1904. 

B.  The  White  Nile  near  Khartoum.    Ayerage  of  three  analyses. 

C.  The  Blue  NOe.  Averase  of  three  analjrses.  Analyses  B  and  C  by  W.  Beam,  Second  Kept.  Well- 
eome  Research  Lab.,  Khartoum,  1906. 

D.  Average  of  12  analyses  of  monthly  samples,  taken  from  the  lower  Nile  between  June  8,  1874,  and 
May  13, 1875.  Analyses  by  H.  Letheby,  cited  by  S.  Baker  in  l^oc.  Inst.  Civil  Eng.,  vol.  CO,  1880,  p.  370. 
The  total  solids  contained  10.36  per  cent  of  organic  matter. 

E.  The  Nile,  about  two  hours'  journey  below  Cairo.  Analysis  by  O.  Popp,  Liebig's  Annalen,  v(d.  155, 
1870,  p.  344.    The  total  solids  contained  12.02  per  cent  of  organic  matter. 


A 

B 

C 

D 

E 

00, 

42.10 
1.92 
9.28 

42.97 

.25 

4.58 

.25 

41.74 

5.62 

2.19 

.11 

36.50 

17.44 

4.47 

Trace. 

Trace. 

20.10 

4.01 

3.04 

7.97 

}    6.47 

36. 02 

so, 

3.93 

i\ 

2.83 

NO,            

r\\ 

.59 

ra 

6.96 

5.08 

25.13 

9.78 
3.00 

17.66 
6.79 

14.72 

18.38 

4.66 

5.43 

1.32 

20.55 



13. 31 

Me 

7.39 

nL  .....:.: 

13.14 

K 

3.26 

SiO, 

7.61 
1.92 

16. 88 

Fe,0. 

2.65 

M.     V^^.rj.      ............................... 

1 

Salinity  Darts  Der  million .• . . . 

100.00 
135 

100.00 
174 

100.00 
130 

100.00 
168 

100.00 
119 

In  Lethoby's  analyses  the  excess  of  potassium  over  sodium  is  very 
peculiar,  and  highly  improbable.  Numerous  partial  analyses  of 
Nile  water  cited  by  Lucas  discredit  the  determinations,  and  also 
show  that  the  composition  of  the  water  is  very  variable.  In  the 
White  Nile  the  proportion  of  sulphates  is  insignificant.  Beam 
accounts  for  the  latter  fact  by  supposing  the  sulphates  to  be  reduced 
to  carbonates  by  the  organic  matter  of  the  '*sudd.''  South  of  the 
"sudd'  the  White  Nile  contains  appreciable  sulphates;  after  leaving 
the  '*sudd"  it  is  nearly  free  from  them. 


ORGANIC  MATTER  IN  WATERS. 

Up  to  this  point  we  have  considered  only  tlie  fixed  inorganic 
matter  found  in  natural  waters;  but  other  impurities  which  have 
geological  significance  are  also  present.  All  such  waters  contain 
dissolved  gases,  especially  oxygen,  nitrogen,  and  carbon  dioxide,  and 
sometimes  hydrogen  sulphide.  The  rain  brings  also  nitric  acid  and 
ammonia  to  the  soil,  and  so  into  the  ground  water;  and  organic 
substances  are  invariably  found  in  it  in  greater  or  smaller  quantities. 
These  gases  and  compounds  interact  in  a  great  variety  of  ways,  and 
directly  or  indirectly  play  an  important  part  in  the  decomposition 
of  rocks.  We  have  already  noted  the  importance  of  carbonic  acid 
as  a  weathering  agent;  we  have  seen  in  a  previous  chapter  how  dis- 
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solved  air  represents  a  concentration  of  oxygen;  but  so  far  the 
organic  niatt<»r  of  water  has  been  tacitlj-  ignored  Its  quantity,  in 
percentages  of  total  solids,  can  be  computed  in  son^e  cases  from 
Jnil)lished  analyses.     A  few  of  the  available  figures  are  as  follows: 

Percentage  of  organic  matter  in  the  dieeolved  solids  of  river  toaters. 


DanulK" 3. 25 

James 4. 14 

Maumcc 4. 55 

Nile 10.36 

Iludaon 11. 42 

Rhine 11.93 

Cumberland 12. 08 

Thames 12. 10 

Genesee 12. 80 


Amazon 16. 08 

Mohawk 15.34 

Delaware 16. 00 

Lough  Neagh 16. 40 

Xingu 20.63 

Tapajos T. 24.16 

Plata 49.59 

Negro 63.80 

Uruguay 59. 90 


The  range  of  figures  is  rather  wide,  but  the  highest  values  represent 
tropical  streams.  That  is,  leaving  artificial  pollution  out  of  account, 
watci-s  flowing  through  tropical  swamps  carry  the  largest  proportion 
of  organic  matter.  Lough  Neagh,  in  Ireland,  doubtless  shows  the 
effects  of  bog  water. 

Tlie  organic  matter  is  derived  from  the  decay  of  vegetable  sub- 
stances, and  by  further  oxidation  may  be  converted  into  carbonic 
acid  and  water.  Its  chemical  constitution  is  not  completely  known, 
but  it  consists  in  part  at  least  of  a  vague  group  of  colloidal  sub- 
stances, whose  precise  nature  is  yet  to  be  made  out.  They  appear  to 
possess  feebly  acidic  properties,  and  have  therefore  received  specific 
names,  humic,  crenic,  apocrenic,  and  ulmic  acids,  which  terms,  how- 
ever, if  not  actually  obsolete,  are  at  legist  obsolescent.  The  salts  of 
these  '* acids''  are  partly  soluble  and  partly  insoluble,  and  the  acids 
themselves  are  commonly  reputed  to  be  powerful  agents  in  the 
solution  of  rocks.*  The  humus  acids  are  said  to  decompose  silicates,' 
but  tlio  evidence  is  contradictory  or  at  best  inadequate.  The  state- 
ment, long  current  m  chemical  and  geological  literature,  that  the 
acids  absorb  nitrogen  from  rain  water  and  the  air,  and  silica  from  the 
soil,  formuig  a  series  of  silico-azohumic  acids,  rests  upon  the  unsup- 
ported assertions  of  P.  Thenard,^  who  gives  no  adequate  experimental 
data  to  sustain  his  views,  which  need  not  be  considered  furtiier. 
The  observed  facts  are  capable  of  much  simpler  interpretation. 

1  See  A.  A.  Julien,  Proc.  Am.  Assoc.  Adv.  Sci.,  vol.  28, 1879,  p.  311.  On  the  organic  matter  of  watMB 
in  Finland,  see  O.  Aschan,  Zeitsohr.  prakt.  Geologie,  vol.  15, 1907,  p.  56.  On  the  chemical  nature  of  tlM 
organic  matter  in  soils,  see  O.  Schroiner  and  £.  C.  Shorey,  Bull.  Bur.  Foils  No.  74,  U.  S.  Dcpt.  Agr.  See 
also  S.  Odi'-n,  Ark.  Kem.  Min.  Oeol.,  vol.  4,  No.  26, 1912,  and  8.  h.  Jodidi,  Jour.  Franklin  Inst.,  vol.  178^ 
p.  565, 1913. 

3  A.  Hodzyanko,  Jour.  Cbem.  Soc.,  vol.  62,  pt.  2, 1S92,  p.  1373.  Abstract  from  Jour.  Buss.  Ckem.Soo. 
vol.  22,  p.  208. 

»  Compt.  Rend.,  vol.  70, 1870,  p.  1412. 
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A  companson  of  the  preceding  table  vritk  the  aiudj^ses  of  river 
waters  generally,  will  show  that  waters  relatively  high  in  organic 
matter  are  fikely  to  be  high  in  silica  also.  From  this  it  has  been 
inferred  that  the  organic  matter  holds  the  silica  in  solution,  although 
the  connection  between  the  two  is  not  invariable.  The  rivers  of 
British  Guiana  and  the  Uruguay  are  so  far  the  extreme  examples  of 
this  supposed  relation,  and  the  other  tropical  streams  lend  support  to 
the  view.  TBie  humus  acids,  however,  are  almost  insoluble  in  water 
alone,  but  readily  soluble  in  alkaline  solutions.  It  appears  possible, 
therefore,  that  the  alleged  relation  between  himius  and  silica  is  purely 
coincidental  and  that  the  alkalies  in  the  first  instance  are  the  really 
effective  solvents.  There  is  no  proof  that  himius  acids  can  dissolve 
silica  when  alkalies  are  absent.  As  colloids  they  are  more  likely  to 
precipitate  silica  than  to  bring  it  into  solution.  On  oxidation,  how- 
ever, they  yield  carbonic  acid,  and  that  in  aqueous  solution  is  an 
active  disintegrator  of  rocfcs. 

In  fact,  tho  amoxmt  of  silica  in  a  water  is  quite  independent  of 
organic  matter.  Many  small  streams,  near  their  sources,  espe<*ially 
if  they  rise  from  crystalline  rocks,  carry  a  largo  relative  proportion 
of  silica,  although  its  absolute  amount  may  be  trivial.  This  pecu- 
liarity is  shown  in  many  of  the  analyses  cited  in  the  preceding  pages, 
and  is  so  marked  that  a  w^ater  low  in  salinity  but  relatively  high  in 
sSica  and  alkalies  may  almost  certainly  be  attributed  to  igneous 
rather  than  to  sedimentary  surroundings.  This  silica  is  directly 
derived  from  the  rocks  at  the  time  of  their  decomposition  by  car- 
bonated waters,  and  forms  a  large  pai't  of  tho  material  whicli  is  at 
first  iAkea  into  solotion.  The  seepage  or  ground  water  which  after- 
WBid  Alters  the  streams  is  much  poorer  in  silica,  and  so  the  propor- 
tioQ  of  the  latter  tends  to  diminish  as  a  river  flows  toward  the  sea. 

The  relatively  high  proportion  of  silica  in  waters  issuing  from 
areas  of  granitic  or  granitcnd  rocks  scorns  to  have  some  significance 
with  r^ard  to  eariy  conditions  of  life.^  When  life  fii-st  appeared  on 
the  earth  sedimentary  rocks  were  much  less  conspicuous  than  they 
are  now  and  the  igneous  rocks  formed  by  far  the  greatest  exposures. 
The  fresh  waters  then  were  doubtless  of  the  siliceous  type  and 
furnished  an  environment  peculiarly  favorable  to  the  development  of 
such  oi^anisms  as  built  their  shells  or  skeletons  of  silica.  Tlio 
modem  organisms  of  this  class  include  diatoms,  radiolarians,  some 
foraminifera,  and  tho  siliceous  sponges,  organisms  of  a  very  low 
order,  and  it  is  probable  that  their  ancestors  were  similar  in  character. 
The  probability  seems  to  be  very  great,  although  certainty  on  such 
a  subject  is  of  course  unattainable. 

I  See  F.  W.  Clarke,  Jour.  Washington  Acad.,  vol.  8,  1018,  p.  185. 
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CONTAMINATION  BY  HUMAN  AGENCIES. 

In  any  complete  discussion  of  river  waters  account  must  be  taken 
of  contamination  by  buman  agencies.  Towns  and  factories  drain 
into  the  streams,  and  the  extent  of  the  pollution  is,  for  our  immedi- 
ate purposes,  best  measured  by  the  proportion  of  chlorine.  A  good 
example  is  furnished  by  the  Chicago  drainage  canal,  which  empties 
into  Dcsplaines  River  and  thence  passes  through  Illinois  River  into 
the  Mississippi.  For  the  waters  thus  aflFected  there  are  abundant 
data,  and  the  sanitary  analyses  by  the  late  A.  W.  Palmer  are  especially 
valuable.*  His  annual  averages  for  1900,  representing  Illinois  River, 
are  stated  below;  the  percentages  have  been  calculated  by  me.  The 
localities  are  arranged  in  order  downstream. 

( 'hlorine  in  lUinois  and  Mississippi  rivers. 


Illinois  River: 

At  Morris 

At  Ottawa 

At  Lasalle 

At  Averyville 

At  Havana 

At  Kami)Bville 

At  CJrafton 

Mississipjii  River  at  Grafton 


Total 
dissolved 
solids. 

Chlorj 

Parts  per 
milHon. 

235.  3 

ParUper 
million, 

23.1 

269.4 

21.4 

245.4 

18.7 

246.2 

17.5 

236.3 

14.8 

234.3 

14.0 

232.6 

13.1 

150.1 

3,1 

Per  cent, 
9.82 
7.94 
7.62 
7.14 
6.27 
5.98 
5.63 
2.06 


Tlio  decrease  in  the  proportion  of  chlorine  as  we  follow  the  Illinois 
downstream  is  most  striking;  but  even  more  surprising  are  the  data 
concerning  the  Mississippi  a  little  farther  south,  at  Alton.  Here 
samples  were  taken  100  feet  from  the  Illinois  shore,  one-fourth  the 
distance  across,  in  midstream,  three-fourths  over,  and  100  feet  from 
the  Missouri  shore.  The  figures  represent  averages  covering  periods 
of  from  nme  months  to  nearly  the  entire  year  1900. 

Chlorine  in  Mississippi  River  at  Alton^  III. 


100  feet  from  Illinois  shore... 
One-fourth  distance  across. . . 

Midst  ream 

Three- fourths  distance  across 
100  feet  from  Missouri  shore. . 


Total 

dissolved 

solids. 


Parts  per 
million. 

194.1 

182.8 

160.6 

155.0 

154.2 


rhlodne. 


Parts  per 

millkm. 

Percent, 

7.7 

3.97 

7.1 

3.87 

4.4 

2.74 

4.1 

2.65 

8.5 

2.27 

»  Chemical  survey  of  the  waters  of  Illinois,  1897-1902,  X'niv.  Illinois,  1908. 
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Hi^  inflnefiee-  of  SliBois  Riyer  on  the  eastern  side  of  the  Missis- 
sippi is  perfectly  evident.  The  chief  cause  of  the  diminution  of 
chlorine  in  the  Illinois  is,  of  course,  the  dilution  of  the  water  by  other 
less  contaminated  sources  of  supply.  In  the  Kankakee  at  Wilming- 
ton the  proportion  of  chlorine  during  the  same  period  was  only  1.21 
per  cent,  and  in  Fox  River  it  was  1.98  per  cent,  calculated  from 
the  total  matter  in  solution.  Kankakee  and  Fox  rivers  represent 
an  approximation  to  the  normal  chlorine  of  the  region;  the  Illinois, 
into  which  they  flow,  shows  the  exaggeration  produced  by  artificial 
means.  Near  the  ocean  the  normal  chlorine  in  fresh  waters  is  much 
higher  and  the  effects  of  pollution  are  less  conspicuous  than  in  inland 

streams  ^ 

OAINS  AND  LOSSES  IN  WATERS. 

In  fresh-water  lakes  and  rivers  the  salinity  is  naturally  low — that 
is,  their  waters  are  very  dilute  solutions,  which  do  not  approach  the 
point  of  saturation  for  even  the  less  soluble  of  their  constituents. 
The  relatively  insoluble  carbonates  of  calcium  and  magnesium  are 
held  in  solution  by  the  excess  of  carbonic  acid  wliich  is  always 
present,  and  are  therefore  to  be  regarded,  while  dissolved,  as  bicar- 
bonates.  Without  this  solvent  much  of  the  load  would  be  deposited, 
as  indeed  it  is  by  the  evaporation  of  percolating  waters  in  hmestone 
caves,  when  stalactites  and  stalagmites  are  formed.  In  a  flowing 
river,  which  continually  receives  carbon  dioxide  from  the  air  and 
from  decaying  vegetation,  such  depositions  are  not  likely  to  occur, 
at  least  not  to  any  notable  extent;  but  when  pools  are  left  from  an 
overflow,  incrustations  of  solid  matter  may  soon  form.  The  sedi- 
ments found  in  streams  are  mostly  clayhke  in  character,  and  rarely 
contain  any  conspicuous  proportion  of  carbonates  or  sulphates.  Liv- 
ing organisms,  especially  corals,  mollusks,  and  some  aquatic  plants, 
withdraw  calcium  carbonate  from  solution;  but  how  great  their 
influence  may  be,  relatively  to  an  entire  flow,  we  have  no  means  of 
estimating.  Many  agencies  thus  combine  to  modify  the  composi- 
tion of  a  water,  but  the  relative  magnitude  of  the  several  factors  can 
hardly  be  determined.  The  waters  gain  and  lose  solid  matter,  but 
on  the  whole,  as  we  follow  a  stream  downward  in  its  course,  the 
gains  exceed  the  losses.  When  we  exclude  the  elements  of  dilution 
by  tributaries  and  the  variations  in  concentration  between  high  and 
low  stages  of  water  we  find  that  salinity  generally  increases  until  a 
river  reaches  the  sea. 

Speaking  broadly,  lake  and  river  waters  may  be  divided  into  two 
great  classes — namely,  sidphate  and  carbonate  waters,  according  as 

.  *  A  good  summary  of  the  relations  between  normal  and  polluted  waters  in  the  eastern  and  middle  States 
b  iItw  by  M.  O.  Leigbtcm  in  Water-Supply  Paper  U.S.  Cieol.  Survey  No.  79, 1903.  The  subject  of  normal 
ctiortawiyeoBsMared  and  the  classical  "chlorine  map''  of  Massachusetts  is  reprodaced. 

SMshoCazth  Kept.  Rivers  Pollution  Commission,  1868,  on  the  domestic  water  supply  of  Great  Britain. 
IWinport  eontalns  abundant  data  on  chlorine  in  waters. 
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c^-honic  or  sulphuric  ious  predominate.  Tlie  classification  can  be 
still  further  subdivided  with  ref^ence  to  the  abundance  of  chlorides 
or  of  silica,  and  again  with  regard  to  bases;  but  the  two  main  divi- 
sions still  hold.  Most  river  waters  are  either  c-arbonate  or  sulphate 
in  type,  and  we  have  already  seen  how  chmatic  considerations  deter- 
mine, in  part  at  least,  the  chemical  character  of  a  stream.  The  car- 
bonates are  derived  from  the  carbonic  acid  of  rain  or  from  that 
produced  by  organic  matter,  which  may  act  eitlier  upon  crystalline 
rocks  directly  or  by  solution  of  limestones.  The  sulphates  originate 
in  tlie  oxidation  of  pyrite  or  by  the  sdiution  of  gypsum,  and  the 
two  classes  of  waters  are  almost  invariably  commingled.  Carbonate 
waters  are  by  far  the  most  common,  as  the  cited  analyses  show,  and 
the  reasons  for  this  fact  have  already  been  made  clear.  We  have 
also  seen  how  a  river  can  change  its  type  in  flowing  from  one  point  to 
another,  and  we  have  noted  the  probabihty  that  tliis  transforma^ 
tion  is  commonly  due  to  the  blending  of  streams,  or  even  to  the 
accession  of  ground  waters.  One  other  point  in  this  connection  re- 
mains to  bo  noted — namd}-,  the  possible  influence  of  micro-organisms. 
It  is  more  than  probable  that  these  minute  creatui-es,  acting  in  pres- 
ence of  other  organic  matter,  may  reduce  sulphat<»,  with  elimination 
of  hydrogen  sulpliide  and  the  fonnation  of  carbonates  in  their  stead. 
That  reactions  of  tliis  kind  occur  in  sahne  and  brackish  waters  seems 
to  be  well  established.'  A  suggestive  instance  came  within  the  expe- 
rience of  the  United  States  Geological  Survey.  A  quantity  of  water 
rich  in  sulphates,  from  one  of  the  alkaline  lakes  of  Califoniia,  was 
sent  to  the  laboratory  in  a  wooden  barrel.  Wlien  received,  the 
water  had  become  fetid  with  hydrogen  sulphide  and  discolored  by 
extract  from  the  wood-  -so  much  so  as  to  be  unfit  for  analysis. 
How  far  such  changes  may  occiu*  in  nature,  especially  in  swamp 
waters,  remains  to  be  determined.  At  all  events,  the  possibility  of 
similar  transformations  can  not  bo  ignored.  That  bacteria  are 
active  agents  in  precipitating  calcium  carbonate  is  well  knoiira;  but 
that  subject  will  be  considered  more  fully  in  another  chapter. 

chemicaTj  denudation. 

Now,  to  sum  up:  A  river  is  formed  by  the  union  of  waters  from 
many  sources,  and  each  one  owes  its  peculiarities  to  the  conditions 
existing  at  its  starting  point.  Carbonic  acid,  either  of  atmospheric 
or  of  organic  origin,  is  the  most  abundant  and  generally  the  most 
potent  of  the  agents  that  dissolve  mineral  matter  from  the  rocks. 
Hence  carbonate  watei^  are  the  commonest,  and,  as  streams  blend 
to  form  the  great  continental  rivers,  the  carbonate  type  tends  to 

>  See  N.  Zolinsky,  Jour.  Choiu.  Soc.,  vol.  1*5,  pt.  2,  I9»i,  a)istni/*t,  p.  2(»;  also  M.  W.  B^<>rhick, 
viA.  8J,  pt.  2.  abstract,  p.  Ill*:  tin^  U.  H.  '^-SlM  and  <\  t\  Stx>ck\is  Idem,  vc»l.  83,  pt.  2,  »W,  p,  385. 
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beoome  more  and  more  pfooounoed.  In  the  temperate  zone,  at 
leist,  die  lai^ger  streams  resemble  one  another  chemically^  and  seem 
QQ  the  average  to  do  pretty  much  the  same  chemical  work  in  pretty 
much  the  same  way.  The  composition  of  their  waters  gives  a  meas- 
ure of  the  effects  whidi  they  have  produced;  and  if  the  data  were 
adequate  the  etody  o(  diemical  denudation  would  be  both  profitable 
iod  easy.  Snt  the  data  are  not  adequate,  except  for  certain  areas, 
tad  therefore  any  estimate  which  may  be  reached  as  to  the  quantity 
of  solid  matter  annually  carried  in  solution  by  rivers  to  the  sea 
must  be  subject  to  future  revision.  It  is  clear  that  an  analysis  of 
river  water,  taken  at  a  single  point  and  a^t  one  stage  of  concentra- 
tion, tells  us  little  or  nothing  of  what  the  stream  as  a  whole  may  do. 
Annual  averages  of  water  taken  near  the  mouths  of  rivers  are  needed 
before  the  problems  of  chemical  denudation  can  be  even  approxi- 
mately solved. 

For  example,  Sir  John  Murray  *  has  computed,  by  averaging  the 
anal}'ses  of  19  rivers,  not  only  the  total  amount  of  saline  matter 
eirried  annually  to  the  ocean,  but  also  its  composition.  But  his 
estimate,  published  in  1887,  was  based  almost  necessarily  upon  Euro- 
pean data  and  to  a  large  extent  upon  inconclusive  analyses.  Evi- 
dence as  to  the  chemical  character  of  the  greater  American,  African, 
and  Asiatic  streams  was  then  practically  unobtainable,  and  therefore 
the  computation  was  only  a  rough  indication  of  what  the  truth  may 
be.  Data  from  all  the  greater  river  basins  of  the  world  are  required 
before  we  can  determine  the  full  significance  of  chemical  denudation. 

The  problem,  however,  is  not  entirely  hopeless.  It  can  be  attacke<l 
locally,  with  reference  to  specific  areas,  and  a  fairly  probable  approxi- 
mation to  the  truth  can  be  made  from  the  evidence  which  now  exists. 
T.  Mellard  Reade,*  for  instance,  in  a  well-known  investigation,  has 
calculated  the  amount  of  solid  matter  annually  dissolved  by  water 
from  the  rocks  of  England  and  Wales.  Puttmg  the  average  salinity 
of  the  waters  at  12.23  parts  in  100,000,  he  estimates  that  the  total 
annual  run-off  from  the  area  in  question  carries  in  solution  8,370,630 
tons  of  dissolved  mineral  matter,  or  143.5  tons  from  each  square  mile 
of  surface.  At  this  Tate,  by  the  solvent  action  of  water  alone,  the 
level  of  England  and  Wales  would  be  lowered  1  foot  in  12,978  years. 
Reade  abo,  from  such  data  as  he  could  obtain,  for  the  most  part  single 
analjTses,  made  similar  but  rough  estimates  for  several  Europctm 
river  basins,  which,  in  British  tons  per  square  mile,  may  be  tabulated 
as  follows : 


Rboae 232 

TbamcB 149 

GnQQue 142 


Seine 97 

Rhine 92.3 

Danube 72.  7 


1  Scottish  Gtog.  Mag.,  vol.  3, 18S7,  p.  65. 

» Proc.  Llrerpool  CJ«ol.  Toe.,  vol.  3, 1870-77,  p.  211.    Ueprinted  under  the  title  "Chemical  denudation  to 
nistiaQ  togntaeical  time." 
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The  average  for  the  entire  land  surface  of  the  globe  he  put  at  100 
tons  per  square  mile,  a  figure  that  was  not  much  better  than  a  guess.^ 

From  investigations  made  in  the  water-resources  branch  of  the 
United  States  Geological  Survey,  lower  figures  ore  obtained.  By 
combinmg  the  results  of  careful  river  gaging  with  the  data  for  salinity 
as  determined  in  the  laboratory,  R.  B.  Dole  and  H.  Stabler  '  have 
deduced  a  table,  of  which  the  following  is  an  abridgment.  The 
Great  Basin  and  the  Red  River  of  the  North  are  here  left  out  of 
account. 

Chemical  dnxudation  in  the  Vnited  States, 


Drainage  area. 


Atw  drained   RW»ol^^wlM> 
(squawks.  V^^^"^ 


North  Atlantic 

South  Atlantic 

Eastern  Gulf  of  Mexico 

Wo8tc»m  Gulf  of  Mexico 

MiBsissippi  River 

Lauren tian  Basin  (United  States  area) 

Colorado  River  of  Arizona 

South  Pacific 

North  Pacific 

Total 


159,400 
123,900 
142,100 
316,  700 
1,265,000 
175,000 
230,000 
72,700 
270,000 


2,  753, 800 


130 

94 

117 

36 

108 

116 

51 

177 

100 


a  98 


a  Short  tons  of  2,000  pounds.    The  metric  t(Hi  equals  2,206  pounds. 

For  the  entire  United  States,  3,088,500  square  miles,  r^arding 
the  denudation  of  the  Great  Basin  as  zero — that  is,  as  not  con- 
tributory to  the  ocean — the  average  denudation  is  estimated  by  Dole 
and  Stabler  as  87  short  tons,  or  78.9  metric  tons  per  square  mile,  a 
figure  which  is  not  likely  to  be  much  changed  by  future  investigations. 
It  refers,  however,  only  to  inorganic  matter.  If  organic  impurities 
are  included  it  should  be  increased  by  perhaps  10  per  cent;  that  is, 
to  86.8  metric  tons  per  square  mile.  The  variation  in  the  denudation 
factors  assigned  to  the  several  areas  is  quite  important.  The  Colo- 
rado drains  an  arid  region,  and  much  of  the  area  ascribed  to  the 
river  adds  little  or  nothing  to  it.  THie  humid  basin  of  the  St,  Law- 
rence, on  the  other  hand,  is  a  liberal  contributor  of  saline  substances. 
The  Mississippi,  with  humid  regions  to  the  east  and  semiarid  plains 
to  the  west,  shows  an  intermediate  figure  for  the  chemical  erosion. 

1  For  other  estimates  of  the  amount  of  material  carried  by  various  rivers,  see  A.  GeiUe,  Text-book  ol 
geology,  4th  ed.,  vol.  1, 1903,  p.  489.  The  Thames,  for  example,  carries  in  solution  pest  Kingston  548^280 
tons  of  fixed  inorganic  matter  in  a  year.  See  also  the  thesis  of  A.  F.  White  on  the  waters  of  Rookbridcs 
County,  Virginia  (Washington  and  Lee  Univ.,  1906).  This  thesis  deals  with  North  River,  a  tributary  of 
the  James. 

>  Water-Supply  Paper  U.  S.  Oeol.  Survey  No.  234,  1909,  p.  78.  The  figures  are  given  in  much  gretttf 
detail  tlian  is  practicable  here.  Some  of  the  areas,  etc.,  differ  slightly  from  those  cited  in  previous  piflM 
of  this  book;  but  the  differences  are  trivial  and  do  not  appreciably  affect  the  final  result.  The  nuve neent 
data  relative  to  Columbia  River,  Alaskan  rivers,  etc.,  are  not  included  in  this  estimate. 
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For  the  rest  of  North  America  only  a  rough  estimate  is  possible. 
The  analyses  of  Canadian  rivers  and  also  of  the  Yukon  given  in  pre- 
vious pages  indicate  an  average  composition  and  salinity  much  like 
that  of  the  St.  Lawrence.  For  Mexican  and  Central  American  rivers 
no  data  are  at  hand,  but  it  is  probable  that  for  northern  Mexico,  at 
least,  they  would  resemble  those  of  Texas,  New  Mexico,  and  Arizona. 
That  b,  the  waters  north  of  the  United  States  and  south  of  it  vary 
from  the  mean  found  for  the  United  States  in  opposite  directions, 
and  so  tend  to  balance  each  other.  In  short,  the  average  for  the 
United  States  probably  represents  fairly  well  the  average  for  the 
entire  continent.  If  we  assume  that  six  milhons  of  square  miles  in 
North  America  lose  79  metric  tons  in  solution  per  square  mile  per 
annum,  and  that  the  composition  of  the  saline  matter  so  transported 
is  that  found  for  the  United  States  alone,  we  shaU  be  fairly  near  the 
truth. 

Evidence  for  South  America  is  very  scanty.  On  the  basis  of 
Frankland's  analysis,  Reade  *  estimates  the  denudation  factor  of 
the  Amazon  at  50  tons  per  square  mile.  Using  the  same  analysis, 
and  Murray's  estimate  of  the  total  run-off,  I  find  that  53  tons  is 
rather  more  probable.  Similar  estimates  for  the  Uruguay  and  the 
Negro  give  a  factor  of  50  tons.  About  four  milhons  of  square  miles 
in  South  Ajnerica  may  be  assigned  the  latter  figiwe,  with  a  reasonable 
degree  of  probability.  The  Amazon  dominates  the  entire  combina- 
tion, and  its  low  salinity  is  due  to  the  fact  that  it  drains  a  vast  tropical 
forest,  which  is  thoroughly  leached.  Through  much  of  its  course  it 
has  scanty  access  to  fresh  rocks  and  therefore  finds  but  Uttle  material 
to  dissolve.  Large  areas  in  South  America,  hke  western  Peru  and 
central  Argentina,  contribute  nothing  to  the  ocean  and  count  for  zero 
in  measuring  chemical  denudation.' 

Some  figures  relative  to  Em'opean  waters  have  already  been  given. 
According  to  Geikie  the  Thames  carries  in  solution  past  Kingston 
548,230  British  or  556,930  metric  tons  of  inorganic  matter  annually. 
The  drainage  area  is  6,100  square  miles,  hence  a  denudation  factor 
of  91.3  metric  tons  per  square  mile.  For  the  Meuse  above  Liege 
the  figures  published  by  Spring  and  Prost  give  a  factor  of  139  tons. 
In  Sweden  the  chemical  denudation  is  much  smaller,  but  seems  to 
have  been  estimated  for  only  a  very  limited  area.  Readers  estimate 
for  all  Europe  is  100  tons  per  square  mile,  and  that  seems  to  bo 
fairly  probable.  For  Europe,  then,  I  shall  assume  that  3,000,000 
square  miles  suffer  solvent  denudation  at  the  rate  of  100  tons  per 
nule,  a  figure  which  is  not  far  from  that  assigned  to  the  Laurentian 
Basin.    Europe  is  generally  well  watered,  and  its  waters  have  aU  the 

'  ^ToltttSon  of  earth  structures,  London,  1903,  pp.  255-282. 

"The  ritws  or  BritL<h  Guiana  an  not  included  in  this  discussion,  which  was  completed  before  their 
ttyymmnmade.  ^ 

imW^—l^—Bnll.  895 8 
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characteristics  of  those  from  the  humid  areas  of  the  United  States. 
Ill  the  latter  the  denudation  factor  is  lowered  by  the  arid  regions  oft 
the  Southwest. 

The  African  material  is  very  imperfect.  According  to  Chfilu,*  the 
Nile  carries  20,772,400  metric  tons  in  solution  annually.  This,  tor 
an  ostensible  drainage  basin  of  1,293,050  square  miles,  gives  a  denu- 
dation factor  of  only  16  tons.  Much  of  northern  Africa  resembles 
the  Valley  of  the  Nile  so  far  as  denudation  is  concerned.  We  may 
safely  assume  that  1,500,000  square  miles  are  represented  by  the 
Nile,  and  also  that  6,500,000  are  equivalent  in  character  to  South 
America  with  its  tropical  streams.  The  desert  regions,  like  the 
Sahara,  of  course,  are  negligible. 

The  data  relative  to  Asiatic  waters  arc  even  more  defective.  The 
water  of  Lake  Baikal  resembles  that  of  the  St.  Lawrence,  while  the 
Mahanuddy  has  the  pecidiarities  of  tropical  rivers.  TiVith  these 
feeble  clues  I  can  only  make  a  very  rough  estimate  for  Asia,  as 
follows:  Assume  3,000,000  square  miles  to  average  like  Europe, 
3,000,000  like  the  United  States,  and  1,000,000  like  South  America. 
Large  areas  in  Asia  are  obviously  left  out  of  consideration — the 
Caspian  depression,  the  central  deserts,  and  the  Arabian  peninsula. 
The  streams  reaching  the  sea  from  Arabia  are  too  small  to  carry 
any  weight  in  the  general  discussion. 

To  sum  up,  the  crude  figures  for  chemical  denudation  are  as 
follows : 

North  America 6,000,000  square  miles  at   79    tons 474,000,000  tons 

South  America 4,000,000  square  miles  at   50     tons 200,000,000  tons 

Europe 3,000,000  square  miles  at  100     tons 300,000,000  tons 

Asia 7,000,000  square  mUes  at   84     tons 588,000,000  tons 

Africa 8,000,000  square  miles  at   44     tons 352,000,000  tons 

28,000,000  square  miles  at    G8.  4  tons. ...  1 ,91 4,000,000  tons 

The  incompleteness  of  the  foregoing  figures  is  due  to  the  fact  that 
large  areas  of  land  either  do  not  drain  into  the  ocean,  or  add  little  or 
nothing  to  it.  The  total  land  area  to  be  considered — that  is,  the 
area  which  contributes  to  the  salinity  of  the  ocean — is,  according  to 
Murray,  39,697,400  square  miles,  or,  in  round  numbers,  40,000,000. 
Assuming  that  the  figures  so  far  given  represent  a  fair  average,  the 
amount  of  saline  matter  carried  into  the  ocean  by  the  river  drainage 
of  the  world  is  2,735,000,000  metric  tons  annually,  an  estimate  only 
a  little  more  than  half  that  given  by  Murray.'  The  rivers  studied  by 
Murray  must  have  been  for  the  most  part,  if  not  exclusively,  in  the 
Temperate  Zone,  where  alternations  of  freezing  and  thawing  tend  to 
break  up  the  rocks  and  so  to  render  them  more  easily  decomposed 

1  Lc  Nil,  le  Soudan,  I'^gypto,  Paris,  1891. 

2  For  more  details  with  re fprcnc-c  to  these  computations,  sec  F.  W.  Clarkp,  Aprellminarrstudyorcheiii- 
ical  denudation:  Smithsonian  Misc.  Coll.,  vol.  56,  No.  5, 1910. 
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hj  |)ercolating  vratere.  With  even  moderate  humidity  the  activity 
('f  the  waters  is  great,  and  large  amounts  of  material  are  transported 
by  them.  On  the  other  hand,  Arctic  rivers  flow  to  a  noteworthy 
extent  over  tundra,  which  is  frozen  during  the  greater  part  of  the 
year.  They  therefore  have  comparatively  small  influence  in  rock 
solution,  and  much  of  their  flow  must  be  mere  surface  run-off.  The 
low  salinity  of  tropical  streams  has  already  been  noted.  The  total 
amount  of  chemical  denudation  depends  upon  the  balancing  of  these 
varying  tendencies. 

With  the  aid  of  the  foregoing  estimates,  and  of  the  analyses  cited 
in  this  chapter,  a  probable  average  can  be  computed  for  the  compo- 
sition of  the  fresh  waters  of  the  globe.  Such  an  average  is  shown  in 
the  next  table. 

Average  composition  of  river  and  lake  waters. 

A.  Waters  of  Xorth  America.  Average  computed  from  the  data  given  by  Dole  in  Water-Sapply  Paper 
2Ss  >^1  by  I^oie  and  Stabler  in  Water-Supply  Paper  23 i.  Each  analysis  is  weighted  proportionately  to 
Uiet(^  amcKint  of  material  annually  carried  by  the  river.  The  alkalies  are  given  \vith  Palmer's  detcrmina- 
tiflos  of  potassium. 

B.  Waters  of  South  .Vmerica.  Average  made  up  from  the  cited  analyses,  weighted  as  follows:  Amaron, 
It,  Umgoay,  1 ;  Negro,  1;  all  smaller  streams,  2.  The  Rio  de  la  Plata  is  left  out  of  account,  fbr  the  analyses 
Ktnotcaiidiisivc. 

C.  Waters  of  Europe.  Average  of  300  analyses  of  river  and  lake  \^atcrs,  first  by  groups,  and  then  wcight- 
iaseieh  groap  proportiooately  to  its  drainage  area. 

D.  Waters  of  Asia.    ICacto  ap  of  the  averages  A,  B,  C,  weighted  3 : 3 : 1  as  explained  in  a  previous  para- 

E.  Waters  of  Aflrica.  ICade  up  of  the  average  for  the  Nile«and  that  for  South  America  as  already  de- 
scribed. 

f.  General  avera^,  in  which  each  of  the  foregoing  averages  is  weighted  prox)ortionalIy  to  the  number  of 
tons  siren  In  the  preocdini^  table. 

G.  Sir  John  Murray's  average  eompasition  of  river  water  (Scottish  Geog.  Mag.,  vol.  3,  1887,  p.  (k>),  re- 
«kicc"i  to  the  uniform  standard  adopted  in  this  book.  Organic  matter  as  given  by  Murray  is  10.37  ix?r  cent 
oftbetoulMlids. 


A 

B 

c 

D 

E 

F 

a 

ro, 

33.40 
15,31 

32.48 
8.04 

39.98 
11.97 

36.61 
13.03 

32.75 

8.67 

35.15 
12.14 

41.33 

SO, 

8.22 

n 

7.44 

6.75 

3.44 

5.30 

5.66 

5.68 

1.85 

so, 

1.15 

.62 

.90 

.98 

.58 

.90 

2.82 

Ci 

19.36 

18.92 

23.19 

21.23 

19.00 

20.39 

20.46 

Mg 

4.87 

2.59 

2.35 

3.42 

2.68 

3.41 

4.65 

N» 

7.46 

5.03 

4.32 

5.98 

4.90 

5.79 

3.47 

K 

1.77 

1.95 

2.75 

1.98 

2.35 

2.12 

1.33 

|^«.AnA 

.64 

5.74 

2.40 

1.96 

5.52 

2.75 

4.76 

SK),...:. 

8.60 

18.88 

8.70 

9.51 

17.89 

11.67 

10.75 

3uiKv  constitueiits . .  - 

.36 

100.00 

100.00 

100.00 

100.00 

100..00 

100.00 

100.00 

Weirfii 

10 

4 

C 

11 

7 

^  •"*•••-••-  •  •  -  -  -  • 

The  general  mean  F,  regardless  of  corrections  to  be  considered  later, 
is  curiously  near  the  average  figures  for  throe  great  rivers,  the  Missis- 
sippi, the  Amazon,  and  the  Nile.  It  may  be  too  high  in  silica,  but 
on  the  whole  it  is  as  near  the  truth  as  can  be  determined  with  existing 
data.    Analyses  of  the  greater  rivers  of  Asia  and  Africa  may  modify 


116  DATA  OF  GEOCHEMISTRY. 

it  slightly,  but  the  order  of  magnitudes  shown  by  the  several  radicles 
is  not  likely  to  be  changed. 

Kecurring  now  to  Readers  estimate  of  chemical  denudation  in  Eng- 
land and  Wales,  a  rate  of  one  foot  in  12,978  years,  the  new  data  may 
be  a])plied  to  a  similar  discussion  for  the  entire  land  surface  of  the 
globe.  For  the  United  States,  excluding  the  Great  Basin,  the  denu- 
dation factor  of  79  tons  per  square  mile  per  annum  gives  for  a  lower- 
ing of  1  foot  23,984  years.  For  South  America  the  figures  are  60 
tons  and  37,896  years;  for  Europe,  100  tons  and  18,948  years,  and  for 
the  Nile  Valley,  16  tons  and  1 18,424  years.  For  the  entire  40,000,000 
scjuare  miles  of  land  the  average  values  are  68.4  tons  and  27,700  years; 
estimates  that  are  subject  to  corrections  of  a  kind  which  Reade  did  not 
take  into  consideration. 

On  critical  examination  of  the  data  it  is  clear  that  the  total  appar- 
ent amount  of  solvent  denudation  is  not  a  true  measure  of  rock 
decomposition.  In  the  general  mean  of  all  the  river  analyses  now 
under  discussion,  0.90  per  cent  of  NO3  and  35.15  per  cent  of  CO, 
aj>pear.  The  NO3  came  entirely  or  practically  so  ftom  atmospheric 
sources ;  the  CX)3  was  derived  partly  from  the  atmosphere  and  partly 
from  the  solution  of  limestones.  Dealing  now  only  with  the  existing 
discharge  of  rivers,  we  must  subtract  these  atmospheric  additions 
from  the  total  annual  load  of  dissolved  inorganic  matter  before  we 
can  compute  the  real  amount  of  rock  denudation. 

The  land  surface  of  the  earth  is  covered,  nearly  enough  for  present 
purposes,  by  75  per  cent  of  sedimentary  and  25  per  cent  of  igneous 
and  crystalline  rocks;  *  and  it  is  on  or  near  this  surface  that  the  flow- 
ing waters  act.  Tlie  limestones,  as  shown  in  Chapter  I,  constitute 
only  one- twentieth  of  the  sediments,  or  3.75  percent  of  the  entire 
area,  but  the  proportion  of  carbonates  derived  from  them  must  be 
very  much  larger.  The  composite  and  average  analyses  of  rocks 
give,  for  lime,  4.81  per  cent  in  the  igneous,  and  5.42  in  all  the  sedi- 
mentaries,  equivalent  to  3.78  and  4.26  per  cent  of  CO,  respectively. 
Assuming  that  all  the  surface  rocks  yield  lime  at  an  equal  rate,  which 
is  obviously  not  quite  true,  and  multiplying  these  figures  by  the  areas 
represented  as  1  to  3,  the  relative  proportions  of  the  CO,  radicle 
become  3.78: 12.78, or  1 :3.4  nearly.  The  last  figure  should  be  higher, 
because  of  the  more  rapid  solution  of  the  limestone,  but  if  we  accept 
the  ratio  as  it  stands  we  may  use  it  to  determine  the  approximate 
proportions  of  the  CO,  radicle  derived  from  limestones  and  from  the 
atmosphere  acting  upon  crystalline  rocks.  On  this  basis,  8  per  cent 
of  CO3  should  be  deducted  from  the  percentage  in  the  river  waters, 
together  with  the  0.9  per  cent  of  NO3.  Making  the  subtraction  from 
the  total  river  load  of  dissolved  matter,  2,735,000,000  tons,  there 
remains  2,491,585,000  tons,  or  about  62.3  tons  per  square  mile  on  the 

1  Estimate  by  A.  von  Tillo,  actually  75.7  and  24.3. 
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avien^,  for  the  40,000,000  of  square  miles  of  land  which  are  assumed 
to  drain  into  the  ocean.  This  implies  a  lowering  of  the  land  by  solvent 
denudation  at  the  rate  of  one  foot  in  30,414  years,  or  30,000  in  round 
Dumbers.  The  last  estimate  may  be  subject  to  large  future  cor- 
rections, but  probably  it  is  correct  within  10  per  cent.  There  are, 
for  example,  corrections  for  the  amount  of  chlorine  and  its  equivalent 
sodium  brought  in  rainfall  from  the  atmosphere,  or  by  sewage  from 
towns.*  These  will  be  considered  in  the  next  chapter  in  relation  to 
the  use  of  the  data  in  measuring  geologic  time. 

'  Spring  and  Prost,  In  their  work  on  the  Meam,  and  UUik,  in  his  study  of  the  Kibe,  have  attempted  to 
acasare  the  amount  of  human  contamination.  This,  obviously*  must  be  very  variable.  In  rivers  like 
tbe  Yukon  or  the  Colorado  it  is  negligible;  in  the  Mississippi  or  the  Hudson  it  is  doubtless  large.  In  small 
KreuDs  in  thinly  settled  mannfacturing  districts  the  amount  of  pollation  is  often  enormous. 


CHAPTER  IV. 

THE  OCEAN. 

EIiEMENTS  IN  THE  OCEAN. 

For  obvious  reasons,  some  of  them  purely  scientific  and  some 
utilitarian,  the  water  of  the  oci^an  has  been  the  subject  of  long  and 
elaborate  scientific  investigations.  Considered  broadly,  its  composi- 
tion is  relatively  simple  and  remarkably  uniform;  studied  minutely, 
it  is  foiuid  to  contain  many  substances.^ 

In  his  great  memoir  on  the  chemical  composition  of  sea  water,  G. 
Forchhammer  -  gave  a  list  of  the  various  elements  which,  ui>  to  his 
time,  had  been  detected  in  it.  The  elements  which  are  sufficiently 
abundant  to  be  detennined  in  ordinary  analyses  will  be  considered 
later;  the  substances  that  are  less  frequently  estimated  may  be 
briefly  considered  now. 

loiline. — Chiefly  found  in  the  ashes  of  seaweeds.  According  to  E. 
Sonstadt,'  it  is  present  in  sea  water  in  the  form  of  calcium  iodate. 
Tlie  quantity  estimated  was  one  part  of  this  salt  in  250,000  of  water, 
equivalent  to  about  two  parts  per  million  of  iodine,  A.  Gautier,* 
examining  sxirface  water  from  the  Mediterranean,  found  iodine  only 
in  the  organic  matter  which  he  separated  by  filtration,  but  at  depths 
beyond  800  meters  its  compounds  were  detected  in  the  water  itself. 
Living  organisms  withdi-aw  iodine  from  solution.  The  largest 
amount  of  iodine,  organic  and  inorganic,  reported  by  Gautier,  is 
2.38  miUigrams  to  the  liter.  J.  Koettstorfer,^  in  an  earlier  investi- 
gation, found  only  0.02  milligram,  and  L.  W.  Winkler®  only  0.05 
miUigram  per  Uter. 

Fluonne.  -Found  directly  and  also  in  the  boiler  scale  of  oceanic 
steamers.  A.  Carnot's  determinations  ^  show  that  the  water  of  the 
Atlantic  contains  0.822  gram  of  fluorine  to  the  cubic  meter.*  Recent 
determinations  by  A.  Gautier  and  P.  Clausmann  •  gave  only  0.3  milli- 
gram per  liter.  P.  Carles  ^^  has  reported  fluorine  in  the  shells  of 
.  moUusks. 


I  For  tho  volume  of  the  ocean  and  of  Its  i-ontnlned  salts  see  pp.  22-21. 

«  rhilos.  Trans.,  vol.  155,  I8f»5,  pp.  203-202.  Fee  also  J.  Koth,  Allgenicine  und  chemischc  Geologic,  vol.  1, 
1879,  p.  400;  and  W.  Dittmar,  Rcpt.  Challenger  Exi>cd.,  Physics  and  chemistry,  vol.  1,  ISJii,  pp.  1-251. 
A  volume  by  Rcn(^  Quint  on  (L'eau  dc  mcr,  Paris,  1901)  contains  (pp.  221-235)  a  good  summary  of  eariler 
work  on  tho  less  important  elements  in  sea  water.  The  book  is  essentially  biochemical  in  character  and 
deals  mainly  yriih  the  relations  of  sea  water  to  life. 

«  Chem.  News,  vol.  25, 1872;  pp.  190,  231,  241;  vol.  lA,  1890,  p.  3l'i. 

« Compt.  Rend.,  vol.  12S,  1899,  p.  lOCO;  vol.  129,  1S99.  p.  0. 

•  Zoitschr.  anal.  Chemle,  vol.  17, 1878,  p.  305. 

•  Zeitschr.  angew.  Chemie,  vol.  29,  pt.  1, 1910,  p.  205. 
»  Annalos  des  mines,  9th  ser.,  vol.  10, 1890,  p.  175. 

(See  also  earlier  determinations  by  G.  Forchhanuner  and  c;.  Wilson,  Edinburgh  New  Philos.  Joiir.t 
vol.48, 1850,  p.  315. 
•Compt.  Rend.,  vol.  158, 1914,  p.  1G31. 
•Idem,  vol.  114, 1907,  pp.  437,  1240. 
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Siirogen, — Present  as  ammonia,  in  organic  matter,  and  in  dissolved 
air.  The  ammonia  of  sea  water  baa  been  repeatedly  investigated. 
A.  Audoynaud,*  in  water  from  the  coast  of  France,  found  0.16  to  1.22 
milligrams  of  NH,  per  liter.  L.  Dieulafait,*  in  waters  from  the  Red 
Sea  and  the  coast  of  Asia,  reports  quantities  from  0.136  to  0.340 
milligram.  T.  Schloesing  '  foimd  a  still  larger  amount,  namely,  0.4 
milligram.  According  to  J.  Murray  and  R.  Irvine,*  ammonia  is 
more  abundant  around  coral  reefs  than  in  the  North  Atlantic  or 
German  Ocean.  It  occurs  principally  as  ammonium  carbonate, 
formed  by  the  decomposition  of  organic  matter.  Elaborate  determi- 
naiioDs  of  ammonia  in  the  Mediterranean  are  given  by  K.  Natterer.* 
Phosphorus, — Present  in  the  form  of  phosphates.  The  phosphatic 
nodules  found  on  the  bottom  of  the  sea  are  considered  f art.her  on  in 
this  chapter. 

Arsenic. — ^Detected  by  DaubrSe.     A.  Gautier  •  found  its  quantity  to 
range  from  0.01  to  0.08  milligram  per  Uter. 

Silicon, — ^According  to  J.  Murray  and  R.  Irvine,^  sea  water  con-- 
tains  silica.  The  proportion  is  from  1  part  in  220,000  to  1  in  460,000, 
or  even  Jess.  The  siliceous  organisms  which  abound  in  the  ocean 
p<esibly  take  their  siUca  from  clayey  matter  in  mechanical  sus- 
pension. Small  amounts  of  such  matter  are  carried  far  and  wide 
by  currents,  often  to  a  great  distance  from  land.  E.  Rabcn  '  found 
sea  water  to  contain  from  0.2  to  1.4  milligrams  of  siUca  per  liter. 
Boron, — Present  in  sea  water  and  in  the  ashes  of  marine  plants. 
J.  A.  Veatch,*  who  examined  water  from  the  coast  of  California, 
found  boric  acid  almost  exclusively  in  samples  collected  over  a  sub- 
marine ridge,  parallel  with  the  land  but  30  to  40  miles  away.  He 
wggests  for  it  a  volcanic  origin  from  submerged  sources. 

Lithium. — Reported  in  sea  water  by  L.  Dieulafait.^'^     Also  detected 
^troscopicaUy  by  G.  Bizio  in  water  from  the  Adriatic. 

Bulidium, — Found  in  sea  water  by  SonstadtJ^    Determined  quan- 
titatively by  Schmidt,  whose  analyses  will  be  cited  later. 
Caesium, — ^Also  found  by  Sonstadt.'* 

'Cooq>t.  Rend,  vol.  81, 1875,  p.  619. 

*Asoalesdiiin.  i^js.,  5th  ser.,  toI.  14,  1)^78,  p.  380.  Dieulafait  mentions  earlier  vrork  by  Marcband 
adBoassiD^ult. 

'Cootribations  &  I'^tude  de  la  cbimio  agricole,  In  Fremy's  Encyclopjklio  c-himiquc,  18S8, 

•Proc.  Roy.  Soc.  Edinburgh,  vol.  17, 1889,  p.  89. 

*Konatsh.  Chomie,  vol.  14, 1S93,  p.  675;  vol.  15, 1894,  p.  596;  vol.  IG,  1S95,  p.  591;  vol.  20, 1899,  p.  1.  See 
•toE.  Raben,  Wissenschaftliche  Mecresuntersucbungcn,  vol.  11,  Kiel,  1910,  p.  803.  Many  dctermina- 
tos  are  given,  also  a  full  summary  of  earlier  work. 

•Compl.  Rend.,  vol.  137, 1903,  pp.  232, 374. 

»Proc.  Roy.  Soc.  Edinburgh,  vol.  18, 1891,  p.  2'J9. 

'Whseoschaftliefae  Mccresuntcrsuchungen,  vol.  il,  Kiel,  1910,  p.  311. 

•Proc.  CaJilbrnia  Acad.'Sd.,  vd.  2, 1859,  p.  7. 

MAmaUs  chim.  pbys.,  5th  scr.,  vol.  17,  1879,  p.  377.    See  also  Thorpe  and  Morton's  analysb  of  water 
•■1  the  Irish  Sea,  1871,  cited  on  p.  123. 
"Own.  VtvTB.,  vol.  22,  1870,  p.  25. 
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Barium  atvd  strontium. — Can  be  detected  by  ordinary  methods. 
Also  found  in  the  ashes  of  seaweeds  and  in  boiler  scale.* 

Ahnninvm  arid  iron, — Easily  detected  by  direct  methods. 

Mangan4>8€, — Easily  detected.  Noted  by  Forchhammer  and  also 
by  Diculafait.^  Concretions  of  manganese  oxide  are  abundant  over 
portions  of  the  sea  bottom.  Reported  by  E.  Maumen6'  in  the 
ashes  of  Fvcus  serratus. 

Niclel  and  cohalt — Found  in  the  ashes  of  marine  plants. 

Copper. — Repeatedly  detected  in  sea  water,  especially  by  Diejula- 
fait.*    Also  in  the  ashes  of  seaweeds  and  in  certain  corals. 

Zinc. — Reported  in  sea  water  by  Dieulafait.*  Also  foimd  in  the 
ashes  of  seaweeds. 

Lead. — Found  by  Forchhammer  in  a  coral. 

Silver. — Repeatedly  observed.  Forchhammer,  in  the  coral  above 
noted,  found  one  part  of  silver  to  eight  of  lead.  Malaguti,  Diurocher, 
and  Sarzeaud "  found  silver  to  the  amoimt  of  0.5  milligram  in  50 
liters  of  water  and  detected  copper  and  lead.  According  to  A. 
Liversidgc,^  silver  is.  present  in  sea  water  to  the  extent  of  1  to  2 
grains  per  ton. 

Gold. — The  fact  that  sea  water  contains  gold  was  first  established 
by  E.  Sonstadt  *  in  1872.  Its  presence  has  since  been  repeatedly 
verified.  In  1892  C.  A.  MGnster  •  examined  water  from  the  Kris- 
tiania  Fjord,  Norway,  and  found  in  it  5  to  6  milligrams  of  gold,  with 
19  to  20  of  silver,  per  ton.  In  each  analysis  he  used  100  liters  of 
water.  Liversidge  *®  found  the  gold  in  Australian  waters  to  range 
from  0.5  to  1.0  grain  per  ton.  At  either  rate,  gold  is  present  in  the 
ocean  in  thousands  of  millions  of  tons.  Liversidge  "  also  detected 
gold  in  kelp,  rock  salt,  and  a  number  of  saline  minerals,  such  as 
sylvine,  kainite,  carnallite,  and  Chilean  niter.  In  one  sample  of 
kelp  he  found  22  grains  of  gold  per  ton,  and  in  a  bittern  6.08  grains. 
J.  R.  Don  *^  examined  both  ocean  water  and  oceanic  sediments.  In 
the  former  he  detected  0.071  grain  of  gold  per  metric  ton,  but  the 
sediments  were  barren.  In  waters  collected  near  the  Bay  of  San 
Francisco  L.  Wagoner  ^^  found,  also  per  metric  ton,  11.1  milligrams 

»  On  strontium  in  sea  water  see  l>ieulafait,  Compt.  Rend.,  vol.  84, 1877,  p.  1303. 

« Idem,  vol.  96, 1883,  p.  718. 

»  Idem,  vol.  98, 1884,  p.  1417. 

<  Annales  chim.  phys.,  5th  ser.,  vol.  is,  1879,  p.  359. 

6  Idem,  vol.  21, 1880,  p.  206. 

•  Idem,  3d  ser.,  vol.  28, 1850.  p.  129. 

»  Proc.  Roy.  Soc.  New  Sonth  Wales,  vol.  29, 1895,  pp.  335, 350.    See  also  F.  Field,  Proc.  Roy.  8oo.,  TtA.9, 
185(\,  p.  292. 

•  Chem.  News,  vol.  26,  1872,  p.  159. 

•  Jour.  Soc.  Chem.  Ind.,  vol.  11,  1892,  p.  351.    From  Norsk  Tckn.  Tidsskr. 
»•  Proc.  Roy.  Soc.  New  South  Wales,  vol.  29, 1895,  pp.  335»  350. 

"  Jour.  Cliem.  Soc.,  vol.  71,  1897,  p.  298, 

»  Trans.  Am.  Inst.  Min.  Eng.,  vol.  27, 1897,  p.  615. 

>«  Idem,  vol.  31,  1901,  p.  807. 
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of  gold  and  169.5  of  silver.  In  a  later  paper  he  gives  larger  figures, 
namely,  16  milligrams  of  gold  and  1.9  grams  of  silver.  According 
to  J.  W.  Pack  *  sea  water  contains  about  0.5  grain  of  gold  per  ton. 
In  deep-eea  dredgings  Wagoner  *  detected  even  larger  quantities  of 
both  precious  metals. 

Radium. — Ocean  water,  sea  salt,  and  oceanic  sediments  are  all 
more  or  less  radioactive.  Prom  measurements  of  this  radioactivity 
the  amount  of  radium  is  inferred.*  According  to  Joly,  1  cubic 
centimeter  of  sea  water  on  the  average  contains  0.017  X10~"  gram 
of  radium.  This  represents  a  total  of  about  20,000  metric  tons  of 
radiimi  in  the  entire  ocean.  But  is  this  radioactivity  due  solely  to 
radium? 

COMPOSITION  OF  OCEANIC  SALTS. 

In  order  to  determine  the  composition  of  ocean  salts,  innumerable 
analyses  have  been  made,  representing  water  collected  in  all  quarters 
of  the  globe.  The  older  investigations,  down  to  and  including  the 
work  of  Forchhammer,  are  well  simmiarized  by  Roth,  and  it  is  not 
necessary  to  recapitulate  them  here.  With  a  few  exceptions,  I  shall 
confine  mjrself  to  the  more  recent  analyses,  which  are  numerous 
enough  and  varied  enough  for  all  present  purposes.  They  show  a 
striking  uniformity  in  the  composition  of  sea  salts,  the  only  great 
variable  being  that  of  concentration.  As  this  factor  is  large,  com- 
pared with  the  salinity  of  lakes  and  rivers,  I  shall  express  it  generally 
in  percentages  rather  than  in  parts  per  million.  The  analyses  them- 
selves I  have  reduced  to  ionic  form,  ignoring  bicarbonates,  as  in  the 
tables  given  in  the  preceding  chapter.  The  selected  data  are  as 
foDows.* 

>  MIxL  and  8cL  Press,  voL  77, 1896,  p.  154. 

*  Trans.  Am.  Inst.  Mln.  Eng.,  vol.  88, 1907,  p.  704.  P.  De  Wilde  (Arch.  sci.  phys.  nat.,  4th  ser.,  vol.  19, 
NOS^  p.  5S9)  and  A.  Wiesler  (Zeitschr.  an^w.  Chemie,  1906,  p.  1795)  have  published  good  summaries 
relative  to  the  detection  of  gold  in  sea  water  and  have  discussed  the  possibility  of  its  economic  recovery, 

>  See  R.  J.  Strott,  Proc  Roy.  Soc.,  vol.  78A,  1907,  p.  151;  A.  S.  Eve,  Philos.  Mag.,  6th  ser.,  vol.  18. 1909, 
p.  102;  J.  Joly, idem,  vol.  15, 1908,  p.  385;  vol.  18, 1909,  p.  396.  In  a  volume  entitled  "Radioactivity  and 
inlogy,"  Lcnidon,  1900,  pp.  45-58,  Joly  sums  up  the  relations  of  the  ocean  to  radium.  ScealsoS.  J.  T.loyd, 
Am.  Joor.  ScL,  4th  ser.,  vol.  39, 1915,  p.  580.  His  estimate  of  radium  in  sea  water  is  only  1.2X10~"  gram 
pcrUt«r,  or  1,400  tons  in  the  ocean. 

*  Other  analyses  of  Atlantic  water,  taken  off  the  coast  of  Brazil,  with  analyses  of  water  tram  the  mouths 
of  the  Amazon,  are  given  by  F.  Katser,  in  Sitsungsb.  K.  WJhm.  CJescll.  Wiss.,  1897,  No.  17.  These  repre- 
tmt  mixtures  of  sea  and  river  water.  For  special  determinations  of  bromine  in  se^  water  and  its  rat  io  to 
the  chlorine  see  K.  Borglund,  Ber.  Deutsch.  chem.  Oesell.,  vol.  18,  1«85,  p.  2888.  An  analysis  of  water 
from  the  Ionian  Sea,  by  F.  Wibel,  is  printed  in  Ber.  Deutsch.  chem.  rjesell.,  vol.  0, 1873,  p.  184.  One  by 
A.Vicrthala"  (Sitzungsb.  K.  Akad.  "Wlss.  Wien,  vol.  56, 1867,  p.  479),  of  Adriatic  water  taken  near  Spalato, 
tttowB  abnormally  low  sodium  and  high  calcium,  presiunaMy  due  to  admixtures  of  water  from  the  land. 
Bcealso  W.  Skey,  Third  Ann.  Rept.  Colonial  Mus.  and  Lab.,  New  Zealand,  1868,  for  seven  analyses  of 
sea  water  taken  near  that  island;  C.  J.  White,  Proc.  Roy.  Soc.  New  South  Wales,  vol.  41,  1907,  p.  55,  one 
•Bslvsis  of  water  taken  off  Coogee;  A.  Burada,  Ann.  sci.  Univ.  Ja.ssy,  vol.  5,  1909,  p.  251,  one  analysis  of 
vitcrfram  the  Bhick  Sea.  On  salinity  of  the  Persian  Gulf,  Annalen  d.  Hydrographie,  vol.  7,  1908,  p. 
3B.  T«o  recent  analyses  of  Adriatic  water  are  reported  by  V.  Gegenbauer,  IkUn.  pet.  Mitt.,  vol.  29, 1910^ 
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Anahjxrs  of  oceanic  nahn, 

A.  Mean  of  77  analyses  of  ocean  vrvAve  from  many  localities,  collected  by  the  CktUemgrr  expeditlaa, 
W.  Dittmar,  anal>*st.  Challenger  Rcpt.,  Thysics  and  cheml.^ry,  vol.  1,  188«,  p.  303.  Sallntty,  3J01  to 
3.737  percent. 

l\.  Atlantic  water,  mean  of  22  samples  collected  on  a  voyaf^e  from  the  Cape  of  Good  Hope  to  EngUyML 
r.  J.  S.  Makin,  Chom.  News,  vol.  77,  IWS,  pp.  i.j5, 171.    Pftlinlty,  nveraRe,  3.fi31  percent. 

C.  The  Atlantic  near  Piepr>e.  Analj-sis  by  T.  Sehloesing,  Compt.  Rend.,  vol.  1«2,  1906,  p.  330. 
Salinity,  32.  !20  grams  per  liter. 

P.  Tlw  Iri.«*li  Fea.  Analy.sis  by  T.  E.  ThoriHi  and  E.  11.  Morton,  Llcbig's  Annalen,  vol.  l.W,  1R71, 
p.  122.  The  small  amoimts  of  ¥eS*%,  NITj.and  N-Oj  are  here  added  to(;cther.  A  trace  of  lithium  was 
a  Lso  reported. 

E.  The  Baltic  Sea  between  Oeland  and  Gothland.  Analysis  by  r.  Schmidt,  Bull.  Acad.  Ht.  Petefsburs, 
vol.  24,  187S,  p.  231.  In  all  Schmidt's  analyses  the  bicarbonates  given  by  him  hax'o  been  hero  reduced 
to  normal  salts.  Tlio  quantities  of  Fe,  PO4,  and  8iOs  fotmd  by  Schmidt  are  so  small  that  I  have  added 
them  to;:olhcr.    Ralinity  of  this  sample,  0.7215  per  cent. 

Y.  The  Atlantic  at  Bahia  Blanca,  coast  of  Argentina.  Mean  of  two  samples,  talcen  at  low  and  hi|^ 
ti'le.  Analyses  by  E.  11.  Pucloux,  An.  Soc.  cicnt.  Argentina,  vol.  64,  1902,  p.  f.2.  Salinity,  3.365  per 
cent .    Another  pair  of  analy.ses  is  given  of  water  taken  at  tlie  mouth  of  Rio  Negro. 

G.  The  Gulf  of  Mexico,  off  Loggerhead  Key,  near  Florida.  Analysis  by  G.  Pteiver,  laboratory  of  the 
1:.  S.  Geological  Purvey,  1910.    Salinity,  3.r>19  per  cent. 

II.  From  near  Beaufort,  North  Carolina.  Mean  of  fl\'e  analx-sos  of  samples  taken  under  \-arying 
conditions,  by  A .  S.  Wheeler,  Jour.  Am.  Chem.  Soc.,  voL  32, 1910,  p.  AI6.  Salinity,  3.179  to  3.607  iier  cent. 
%Micelcr  cites  an  analysis  by  C.  Herbst  of  Mediterranean  water. 

I.  The  north  Atlantic  between  Norway,  the  Faroe  Islands,  and  Iceland,  and  northward  to  SpitzbetTom. 
Mean  of  51  incomplete  analy^^^s  by  L.  Schmolck,  Den  Norske  Nonlhavs-Expedltion,  pt.  9,  1882,  p.  1. 
Soda  and  carbonic  acid  estimutcd  by  calculation,  not  directly  determined.    Salinity,  3.37  to  3.5A  iierccnt. 

J.  The  White  i'ca.  Average  of  three  analyfics  by  C.  Schmidt.  Bull.  Acad.  St.  I*et*Tsbarg,  vol.  24, 1878, 
p.  231.    iralinit  y,  2.5ys  to  2.S68  per  cent. 

K.  The  Ar(*tic  Ocean  l?et\veen  the  White  ?ea  and  Nova  Zembla.  Mean  of  two  analytics  by  Schmidt, 
loc.cit. 

\.,  The  Siborian  Ocean.  Water  col iectcd  by  the  TV(7a expedition.  Metm  of  four  analyses  by  Forsbeigf 
Vciw  Exi)ed.  Kept.,  vol.  2,  1S83,  p.  370.    Salinity,  1.378  to  3.457  per  cent. 

M.  The  Mediterranean  near  Carthage.  Analyst  by  T.  Schloestne,  Compt.  Rend.,  > ol.  142,  1906,  p.  330. 
Salinity,  38.9741  grams  i>cr  liter. 

N.  The  Mediterranean,  midsca,  l)etween  Bizcrta  and  Marseille,  f^alinlty,  3.S.7S9  grams  per  liter. 
Analysis  by  Schloesing,  loc.  cit. 

O.  Tho  eastern  Mediterranean,  waters  collected  during  the  vojiiges  of  the  Austrian  steamer  Pivte. 
Analyst .  K.  Natterrr,  Monalsh.  Cheraic,  vol.  13,  IR92,  pp.  873, 897;  vol.  1 1, 1893,  p.  624:  vol.  15,  181)4,  p.  530* 
Threo  huudred  samples  of  water  wcro  examined,  some  only  for  gases.  The  figures  given  here  are  the 
average  from  42  analyses  which  were  fairly  complete.    Salinity,  3.836  to  4.115  per  cent. 

V.  The  Sea  of  Marmora.  Natterer,  Monatsh.  Chemie,  vol.  16, 1895,  p.  -lOS;  4 1  partial  analyses.  Natterer 
gi\es  the  figures  hero  utilized  as  averages  of  varyinjr  nnmlx^rs  of  determinations.  Mg,  Na,  and  K  not 
determined.    Kalinil  y,  2.310  to  4.001  per  cent . 

Q.  The  Black  Sea.  Average  of  six  analyses  by  S.  KolototT,  Jour.  Russ.  Phys.  Chem.  Soc.,  \-ol.  21, 1893, 
p.  S2.    Salinity,  l.?26  to  2.223  per  cent. 

R .  The  Suez  Canal  at  Tsmallia.  Analysis  by  C.  Schmidt,  Bull.  Acad.  St.  PotORsburg,  vol.  24, 1878»  p.  231. 
Salinity,  5.103  per  cent.  For  other  data  on  tho  Suez  Canal,  see  L.  Durand-Claye,  Annales  chim.  phj's., 
5th  ser.,  vol.  3, 1874,  p.  188.  Very  high  salinities  were  noted.  For  a  recent,  incomplete  analysis  of  Red 
Sea  water,  see  J.  B.  Coppock,  Chem.  News,  vol.  96, 1S07,  p.  212. 

S.  The  Red  Sea  near  the  middle.    Analysis  by  Schmidt,  loc.  cit.    Salinity,  3.978  per  cent. 

T.  The  Red  Sea.  Average  of  four  analyses  by  Natterer,  Monatsh.  Chemie,  vol.  20, 1S99,  p.  1;  vol.  21, 
1900,  p.  1037.  Water  collected  in  the  Suez  Canal,  the  Timsah  Lake,  and  the  two  Bitter  Lakes.  Many 
other  iiartial  analyses  arc  given.    The  salinity  of  these  part  icular  samples  ranged  from  5.083  to  0.854  percent. 

U.  The  Straits  of  Malacca.    Salinity,  2.7965  iHjr  cent . 

V.  The  China  Sea.    S^ilinity,  3.208  per  cent . 

W.  Tho  Indian  Ocean,  mean  of  two  analyses,  salinity  3.5534  to  3.6681  jier  cent.  Analyses  U,  V,  W,  by 
C.  Schmidt,  Mel.  phys.  chem.,  vol.  10,  p.  594.  Also  Jalircsb.  Chemie,  1877,  p.  1370.  Schmidt's  rubidluin 
determinations  need  verification. 

X.  Tho  "Maro  Morto,"  an  inclosed  body  of  water  on  tho  island  Lacromo  in  the  Adriatic,  having 
imdergrotmd  connection  with  the  sea.  Salinity,  3.1711  per  cent.  Analysisby  W.  Loeblsch  and  L.  SlpSciy 
Min.  Mitt.,  1S76,  p.  171. 
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Analyses  of  oceanic  fcltc — Continued, 
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Some  of  the  diflFcrences  between  the  foregoing  figures  arc  no  larger 
than  can  be  ascribed  to  dijfferences  in  analytical  methods  or  in  the 
aiomic-weight  factors  used  for  calculation.  Tlie  waters  of  the  Baltic 
wid  Black  seas,  with  their  very  low  salinity,  show  the  ejffect  of  dilu- 
tion by  fresh  water,  which  appears  in  the  slightly  higher  percentage 
of  calcium.  Still,  allowing  for  all  possible  sources  of  divergence, 
the  essential  uniformity  in  composition  of  ocean  salts  is  perfectly 
clear.    The  mass  of  the  ocean  is  so  great,  and  the  commiiigyvu?^  ol  \Vs» 


124 


DATA  OF  GEOCHEMISTRY. 


waters  by  winds  and  currents  is  so  thorough,  that  the  local  changes 
produced  by  the  influx  of  rivers  are  exceedingly  small.  The  salinity 
may  range  from  less  than  1  to  over  4  per  cent,  but  tlie  saline  composi- 
tion remains  practically  tlie  same. 

For  the  composition  of  ocean  salUs  in  general,  Dittmar's  average 
should  be  taken  as  the  standard  of  comparison.  It  represents  the 
largest  number  of  complete  analyses  and  the  greatest  refinement  of 
metliods;  the  samples  examined  covered  the  widest  geographic  range 
and  were  drawn  from  various  depths  of  water.  Some  were  surface 
spe(*imens,  others  from  the  bottom  of  the  sea,  and  still  others  from 
points  between,  and  all  the  results  lead  to  the  same  general  conclusion 
of  nearly  uniform  composition,  in  spite  of  variable  salinity.  The 
individual  analvses  vary  but  little  from  the  mean.  The  salinity  is 
shown  to  be  a  function  of  temperature,  pressure,  and  density;  and  the 
last  factor  is  rei)resented  by  J.  Y.  Buchanan's  elaborate  determina- 
tions, which  appear  in  the  same  volume  with  Dittmar's  analyses.^ 
In  general,  according  to  the  summary  given  in  the  ''Narrative"  of 
the  Challenger  expedition,*  the  density  and  therefore  the  salinity  of 
ocean  water  diminislies  from  the  surface  to  a  depth  of  800  to  1,000 
fathoms,  and  then  increases  to  the  bottom.  Toward  both  poles  there 
are  areas  of  concentration  due  to  tlie  formation  of  ice,  a  process  which 
removes  water  from  liquid  circulation,  leaving  a  large  part  of  its  salts 
behind.  Freezing,  as  O.  Pettersson '  has  shown,  modifies  the  compo- 
sition of  salt  water,  so  that  the  brine  formed  from  melting  ice  differs 
notably  from  the  parent  solution.  Two  analyses  by  Forsberg  *  serve 
to  illustrate  tliis  point.  Both  are  here  reduced  to  standard  form  in 
order  to  facilitate  comparison  with  those  of  normal  sea  water. 

Analyses  of  hrinefroni  melting  ice. 

B.  Mtjuid  inlerminglcd  with  snow,  collected  on  Arctic  ico  at  —32". 
A.  Another  sample  free  from  snow,  also  collected  at  — 32'*. 
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1  Nattercr  also,  in  the  memoirs  already  cited,  discusses  the  relations  between  density  and  salinity,  fio^ 
too,  docs  U.  Tomoe  in  Den  Norske  Nordhavs-Expedltion,  1880.  See  also  memoirs  by  A.  Boaquet  delft 
Grye,  Annales  chim.  phys.,  5th  ser.,  vol.  25, 1882,  p.  433;  and  A.  Cherallier,  Compt.  Rend.,  toI.  140, 1906| 
p.  902.  On  tills  theme  there  is  an  extensive  literature,  but  physical  jvoblems  can  be  only  incidentally  cco* 
sidered  in  the  present  memoir. 

«  Vol.  2, 1882,  pp.  948-1003. 

»  Vega  Exped.  Kept.,  vol.  2, 1883,  pp.  349-380. 

*  See  O.  Pettersson,  op.  cit.,  1883,  p.  376. 


THE  OCEAN.  125 

The  etiiKunation  of  sulphates  and  the  increase  of  chlorides  is  here 
dearly  indicated,  and  if  we  refer  back  to  the  tables  previously  given 
we  shall  see  that  the  Arctic  waters  are  all  slightly  Iiiglier  in  sulphates 
than  Dittmar's  average  for  the  great  oceans. 

In  one  sense  the  salinity  of  sea  water  is  a  function  of  climate,  at 
least  80  far  as  surface  waters  are  concerned.     Where  the  rainfall  is 
alight  and  the  evaporation  rapid,  concentration  occurs;  where  the 
atmosphere  is  saturated  with  moisture,  the  reverse  is  true.    The  Red 
Se*  shows  the  maxinium  effect  of  evaporation  and  the  highest  sahnity ; 
the  Mediterranean  is  next  in  order.     West  of  the  Nile  no  large 
rivers  enter  the  Mediterranean;  the  evaporation  along  the  African 
shore  is  very  great,  and  the  salinity  is  therefore  excessive.     Further- 
more, rainfall  serves  to  dilute  the  superficial  layers  of  the  ocean, 
and  the  same  effect  is  produced  by  the  influx  of  streams.    Tlie 
Black  Sea,  for  instance,  is  diluted  by  the  Danube,  and  its  average 
salinity  barely  exceeds  2  per  cent.     When  a  river  enters  the  ocean,  its 
waters  tend  to  flow  upon  the  surface,  and  its  influence  may  be  detected 
at  great  distances,  sometimes  hundreds  of  miles  from  land.    Salinity, 
ia  short,  is  the  product  of  many  agencies,  and  the  commingling  of- 
waters  is  never  quite  complete.     In  view  of  conditions  hke  these 
the  nearly  uniform  composition  of  sea  salts  is  all  the  more  striking. 

It  is  commonly  assumed  that  the  salts  of  the  ocean  are  derived 
from  the  decomposition  of  rocks  by  flowing  and  percolating  waters, 
which  finally  deposit  their  biu-den  in  the  great  general  reservoir. 
That  this  opinion  is  in  a  very  large  measure  correc^t  is  unquestion- 
able; whether  it  is  wholly  true,  without  qualification,  is  another 
matter.  We  have  already  seen,  in  the  preceding  chapter,  that  an 
enormous  mass  of  soluble  salts  is  annually  discharged  by  rivers  into 
the  sea,  but  its  composition  is  very  dijfferent  from  that  of  the  saline 
substances  which  we  are  now  considering.  In  the  one  class  of  waters 
carbonates  and  calciimi  prevail;  in  the  other  wo  find  mainly  clilo- 
rides  and  sodium.  If,  then,  ocean  water  is  continually  receiving 
water  unlike  itself,  its  composition  must  be  slowly  changing,  but  the 
gains,  although  large  in  themselves,  are  relatively  small  in  compari- 
son with  the  vast  accumulations  of  saline  matter  into  wliich  they 
diffuse.  Whatever  changes  may  take  place  must  proceed  very 
slowly,  and  no  known  methods  of  analysis  are  deficate  enough  to 
detect  them,  even  were  the  observations  to  be  continued  through 
many  centuries.  For  instance,  calcium  is  one  of  the  minor  con- 
stituents of  sea  water,  and  yet  J.  Murray  and  R.  Irvine  ^  estimate 
that  the  discharge  of  rivers  would  require  680,000  years  to  make  up 
the  total  oceanic  amount.' 


*  Pne.  Bof .  Soc.  Edinburgh,  vol.  17, 18S9,  pp.  100-101. 

'i^vaHaMkal  -pufm  an  the  raiiMna  malter  in  the  sea,  sec  R.  D.  Salisbury,  Jour.  Geology,  vol.  13, 
Wi>  p.  460.   See atoo  A.  C.  Lane,  Jour.  Geology,  vol.  14, 1906,  p.  221,  and  A.  B.  Mactdlum,  Tt«xi&.  C«&aA!kasv 
I"t«  VOL  7,1903,  p.  535. 
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I^actically,  then,  the  composition  of  the  ocean  is  very  nearly  con- 
stant and  has  been  so  for  long  periods  of  time.  We  can  not,  by 
means  of  analysis,  measure  the  changes  in  it,  but  we  caa  observe 
some  of  them  in  operation,  and  see  whither  they  tend.  They  are  due 
citlicr  to  gains  or  losses  of  material,  and  both  conditions  have  been 
noted  in  the  preceding  pages.  The  gains  from  rivers  and  from  rain- 
fall are  obvious ;  the  losses  by  precipitation  we  shall  examine  presently. 
Some  salts,  as  we  observed  in  studying  the  atmosphere,  are  lifted 
from  the  ocean  to  fall  again,  partly  upon  the  land,  in  rain.  Much  of 
this  material  returns  into  the  sea,  but  we  can  not  assume  that  all  of  it 
is  regained.  Tliis  loss,  however,  is  trifling,  and  needs  no  further 
consideration  here.  Streams  bring  more  chlorine  and  more  sodium 
into  the  ocean  than  it  loses  through  the  mechanical  action  of  the  air. 
For  these  constituents  a  small  net  gain  may  safely  be  taken  for  granted. 
As  for  the  changes  in  composition  produced  in  sea  water  by  freezing, 
they  are  local  and  transitory  in  character.  When  the  ice  melts,  its 
saline  contents  ai*e  restored  to  oceanic  circulation,  althougli  not  always 
at  the  point  from  wliich  they  were  withdrav^ii.  To  the  slight  change 
thus  produced  in  Arctic  waters  reference  has  already  been  made. 

CARBONATES   IN   SEA   WATER. 

-Vltliough  calcium  and  carbonic  acid  arc  subordinate  constituents 
of  sea  water,  their  importance  can  hardly  be  overestimated.  They 
are  the  cliief  additions  made  by  rivers  to  the  ocean,  and  they  are 
the  substances  most  largely  withdrawn  from  it  by  living  organisms. 
Removed  from  solution,  they  form  calcium  carbonate,  and  that  is  the 
principal  material  of  corals  and  shells. 

Normal  calcium  carbonate  is  nearly  but  not  quite  insoluble  in 
water.  Upon  this  point  many  observations  have  been  made.  Ac- 
cording to  T.  Schloesing,*  whose  data  appear  to  be  trustworthy,  a 
liter  of  water  at  1 6^  can  dissolve  0.01 31  gram  of  CaCOa.  With  respect 
to  sea  water,  however,  the  different  varieties  of  the  carbonat<e  behave 
differently.  This  has  been  shown  by  R.  Irvine  and  G.  Young,*  who 
found  that  amorphous  calcium  carbonate  is  more  soluble  than  the 
crystalline  forms.  To  dissolve  1  part  of  the  former  1,600  parts  of 
sea  water  are  required,  as  compared  with  8,000  parts  for  the  crystal- 
line carbonate.  Tliis  difference  bears  directly  upon  the  theory  of 
coral  reefs.  The  living  animal  secretes  amorphous  carbonate,  but 
after  decomposition  a  partial  change  to  crystaUine  cai'bonate  occms. 
Without  this  molecular  rearrangement  the  coral  would  much  more 
largely  dissolve  and  its  stability  would  be  greatly  diminished.     Some 

>  TomiJt.  Ucnd.,  vol.  Tl,  1S~2,  p.  1552. 

-  Prof.  Roy.  Soc.  Kdiriburgh,  vol.  15, 1888,  [).  310.  For  other  data  on  the  solubility  of  calcium  CArbOBftl9 
iu sia  water,  sco  W.  S.  Anderson,  Proo.  Roy.  So;\  Edinlnirgh,  vol.  10, 18S9,  p.  318; and  J.  Thoukt, Conpl. 
Rend.,  vol.  110,  1S90,  p.  652. 
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le^ition,  however,  occurs,  especially  where  the  waves  have  beaten 
the  eoral  into  sand,  and  this  subject  has  been  well  studied  by 
J.  Murray  and  R.  Irvine.*  They  find  that  the  porous  corals  dissolve 
more  readily  than  the  compact  varieties. 

In  presence  of  free  carbonic  acid,  the  solubility  of  calcium  carbonate 
k  increased  many  fold.  If  we  disregard  ionization  we  may  say  that 
calcium  bicarbonate,  CaHjCjOQ,  is  then  formed,  a  compound  which  is 
chi^y  known  in  solution.  Of  this  salt,  as  shown  by  F.  P.  Treadwell 
andM.  Router,*  a  liter  of  piu*e  water  at  15®  can  dissolve  0.3850  gram, 
a  quantity  which  may  be  considerably  increased  by  an  excess  of 
carbon  dioxide  in  the  water.  In  sea  water  this  solubility  is  modified 
by  tlie  presence  of  other  compounds.  E.  Cohen  and  M.  Raken,^ 
experimenting  with  an  ai'tificial  sea  water,  found  that  at  15®  it  was 
saturated  by  55.6  milligrams  of  fixed  CO,  per  liter,  equivalent  to  0. 1 264 
gram  of  CaCO,.  According  to  G.  Linck,*  the  maximum  solubihty 
of  calcium  carbonate  in  sea  water  at  17°-18®  is  0.191  gram  per  liter. 
Tlie  total  quantity  of  calcium  carbonate  in  average  sea  water,  as 
shown  by  Dittmar's  analyses,  and  upon  the  assumption  that  all  of  the 
00,  radicle  is  thus  combined,  is  not  far  from  0.121  gram  per  Uter. 
This,  which  is  a  maximum,  is  even  below  the  saturation  figure  given 
by  Cohen  and  Raken,  and  much  lower  than  that  of  Linck.  It  would 
be  diminished  by  the  formation  of  other  carbonates,  and  it  must  vary 
with  fluctuations  in  the  free  or  half-combined  carbonic  acid  of  the 
water.  The  latter  constituent  of  sea  water  does  not  appear  in  tlio 
analyses  of  dried  oceanic  salts. 

Calciimi  bicarbonate  is  very  unstable  and  can  be  broken  down  to 
normal  carbonate  and  free  carbon  dioxide  by  evaporation,  by  rise  of 
temperature,  or  by  mechanical  agitation/'*  The  warm  surface  layers 
of  thq  ocean,  according  to  J.  Johnston  and  E.  I).  Williamson,®  are 
practically  saturated  with  carbonates,  which  are  subject  to  precipita- 
tioii  not  only  by  changes  of  temperatm^e  but  also  by  fluctuations  in 
the  amount  of  carbon  dioxide  in  the  adjacent  air.  A  change  of  2^ 
C.  on  the  one  hand,  or  from  3.2  to  3.0  parts  per  10,000  of  CO,  will 
cause  the  precipitation  of  2  grams  of  calcium  carbonate  in  1  cubic 
Dieter  of  a  saturated  solution.  Under  certain  conditions  the  car- 
bonate thus  produced  may  assume  the  solid  form  and  be  precipi- 
tated as  a  sort  of  calcareous  ooze.     Tliis,  however,  can  take  place 

•  Proc  Roy.  Soc.  Edinburgh,  vol.  17,  1889,  p.  79. 

iZdUcfar.  »DNg.  Chemic,  voL  17, 1898,  p.  170. 

'  Pioe.  Sec.  ScL,  .Vmstordam  Acad.,  vol.  3, 1901,  p.  63. 

*K^M8  Jahrb.,  Beil.  Band  16, 1903,  p.  5(X>.  A  recent  paper  on  the  solubility  of  calcium  carbonate,  by 
I  Kaida]],  is  in  Philos.  Mag.,  ser.  6,  voL  23, 1912,  p.  958.  On  the  solubility  of  cahite  in  natural  waters 
■>  J.  Johnston  and  E.  D.  Williamson,  Jour.  Am.  Chcm.  Soc.,  vol.  38, 1910,  p.  975,  and  R.  C.  Wclk,  Jour. 
WaddogtoQ  Acad.,  vol.  6,  1915,  p.  617.  Wells  (Jour.  Am.  Chem.  Soc.,  vol.  37,  1915,  p.  1704)  has  also 
^Mled  the  aololilUiy  oC  jnagn<*^nm  carbonate. 

*W.  Dittmar,  ChdUenger  Kept.,  Physics  and  chemistry,  vol.  1,  p.  211, 1884. 

'Jbor.  Geology,  vol.  2*,  1916,  p.  729.  Sec  also  J.  F.  McClendon  (Proc.  .Vat.  Acad.  Sci.,  vol.  3,  1917,  p. 
^otiwoqiiilibcitiin  of  sea  water  with  respect  to  caldtc  and  aragonite. 
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only  in  vory  shallow  waters,  and  ospei-ially  near  the  mouths  of  streams 
which  carry  carhonates  in  maximum  amount.  Such  a  deposition  of 
caL'iiim  carbonate,  forming  a  crystalline  limestone,  was  long  ago 
obsen  ed  in  the  delta  of  the  Rhone;  and  a  similar  reaction  is  taking 
])la(C  among  the  Florida  Keys.  Sea  water,  however,  is  not  entirely 
saturated  with  carbonalcj^.  and  a  i>rocii>itate  forming  on  the  surface  of 
tlie  <)])on  ocean  would  be  rcdissolved  before  it  could  settle  to  the  bot- 
tom. Even  shells  undergo  solution,  and  in  sufficiently  deep  water  they 
mny  entirel}'  disai)i>oar.  In  the  re])orts  of  the  ChaUcTiger  expedition 
tluTo  is  much  ViUuablc  information  on  this  ]u)int.*  Pteropod  remains 
W(TC  never  found  on  the  ocean  floor  at  depths  below  1,500  fathoms,  but 
the  more  resistant  globigeriiui  was  collected  at  2,500  fathoms.  These 
jiiiinials  live  at  or  near  the  surface;  after  death  the  shells  slowly  sink, 
and,  while  sinking,  partially  or  wholly  dissolve.  The  decay  of  their 
organic,  matter  genera t<>s  abundant  cai^bonic  acid,  and  this  aids  in 
<  ffecting  solution.  Be  this  as  it  may,  the  ChaJJ^iiger  investigations 
sliow  that  the  quantity  of  calcium  carbonate  on  the  bottom  of  the 
o(  can  dej)ends  in  great  measure  uj^on  the  depth  of  water.  Beyond 
the  limits  indicated  little  calcium  carbonate  is  found,  a  fact  which 
will  be  considered  more  in  detail  presently. 

Calcium  carbonate,  then,  takes  part  in  a  great  system  of  changes 
whose  magnitude  and  direction  can  hardly  be  estimated.  It  enters 
the  sea  in  fresh  waters;  part  of  it  is  withdi'a\\Ti  by  living  animals  to 
form  coral  or  shell;  some  of  the  material  thus  used  is  redissolved, 
but  much  of  it  is  j^ermanently  dei)osited  in  limestones  or  calcareous 
shiJes.  Limestone  formations  of  marine  origin  in  all  quarters  of  the 
globe  testify  to  the  importance  of  these  processes.  Living  animals 
secrete  more  calcium  carbonate  than  is  redissolved,'  but  the  inflow 
of  fresh  waters  tends  to  supply  the  loss.  Wliether  a  balance  is  pre- 
served it  is  impossible  to  say.  The  problem  is  complicated  by  the 
fact  that  the  erosion  of  limestones  laid  down  in  former  geologic 
I)eriods  now  supplies  material  to  streams,  thus  returning  to  the  ocean 
cjirbonates  which  were  once  withdrawn  from  it.* 

In  this  system  of  gains  and  losses  some  otherwise  unimportant 
constituents  of  sea  water  play  an  interesting  part.  Radiolarians, 
diatoms,  and  siliceous  sponges  extract  silica  from  the  ocean;  this 
material  is  finally  deposited  upon  the  sea  floor  and  does  not  redis- 
solve,  or  at  least  not  readily.*  The  silica  brought  in  by  rivers  is  partly 
disposed  of  in  this  way.  Phosphates  are  also  withdrawn,  but  the  bony 
])ai-ts  of  marine  creatures,  after  the  death  of  the  latter,  go  to  a  great 

»  Sec  summary  in  vol.  2  of  llio  Narrative,  1S5S2,  pp.  94S  et  scq. 

2  Sec  J.  Murray  and  R.  Irvine,  Proc.  Roy.  Soc.  Kdinburgh,  vol,  17,  lSf*9,  p.  79. 

>  On  llic  circnlatioM  of  eulcium  carbonate,  and  it:>  relation  to  the  age  of  thcoarth,  see  E.  Dubois,  Proc  ScC. 
S<'i.,  Amsterdam  Acad.,  vol.  3,  ItlOl,  pp.  43,  HO. 

*  The  insolubility  of  silica  in  sea  water  is  great  hnt  not  al>sohite.    J.  Murray  and  A.  F.  Renarcl  (  Cta^ 
ttn9(r  Rept.,  I>ecp-sea  deposits,  IHUl,  p.  2Si&)  And  that  some  silica  can  be  dissolved  out  from  dial 
ooxe. 
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ntmi  into  solution  again.  Iron,  silica,  and  some  potassium  are  laid 
down  in  the  form  of  glauconite;  and  the  substances  dredged  up  from 
the  bottom  of  the  ocean  tell  us  of  still  other  reactions  which  are  not 
nsy  to  explain. 

OCEANIC   SEDIMENTS.! 

On  the  subject  of  oceanic  sediments  there  is  a  volimiinous  literature, 
i  great  part  of  it  relates  to  what  may  be  called  mechanical  deposits, 
13[e  gravely  sand,  river  silt,  and  so  on — a  class  of  substance  that  does 
Doi  concern  us  now.  Their  chemical  character  will  be  discussed  else- 
ibere,  with  reference  to  their  origin.  Near  land,  and  especially  at  the 
months  of  rivers,  the  sea  bottom  is  covered  mainly  by  mechanical 
sedimente  or  by  the  remains  of  marine  animals;  in  mid-ocean  the 
deposits  are  of  a  very  different  type. 

An  entire  volume  of  the  Challenger  reports,  by  J.  Murray  and 
A.F.  Renard,  is  devoted  to  the  subject  of  "Deep-sea  deposits,''  and 
special  attention  is  paid  to  substances  formed  by  chemical  action  on 
the  ocean  floor.*     The  larger  deposits  may  be  classified  as  follows : 

DepoiitB  on  the  ocean  floor. 


Name. 


Red  day ... 

Bidioltfian  ooze 
Diatom  ooze. . . . 
CMigerina  ooze 
Pteopodooze... 


Average  depth 
in  fathoms. 


2,730 
2,894 
1,477 
2,049 
1,044 


Percentage  of 
CaCOi. 


6.70 

4.i)l 

22.96 

64.47 

79.25 


The  oozes  derive  their  names  from  the  characteristic  organic 
remains  which  they  contain^  and  they  merge  by  slight  gradations 
one  into  another.  The  classification  is  obviously  approximate,  not 
absohte.  If  we  consider  them  together,  and  include  tlio  coral  muds, 
the  average  percentage  of  calcium  carbonate  upon  the  sea  bottom  at 
various  depths  is  as  follows: 

Variation  of  calcium  carbonate  with  depth. 


Per  cent. 

Under  500  fathomB 86.04 

500to  1,000  fathoms 66.86 

lOOOlo  1,500  fathoms 70. 87 

l.oOO to 2,000  fathoms 69.55 


I'cr  cent. 

2,000  to  2,500  fathoms 40.  73 

2,500  to  3,000  fathoms 17. 36 

3,000  to  3,500  fathoms 88 

3,500  to  4,000  fathoms None. 


The  disappearance  of  carbonates  with  increasing  doptli  is  thus 
dearly  shown. 

Of  all  these  deposits,  the  red  clay,  wliicli  covers  about  51,500,000 
wpiare  miles,  is  the  most  extensive,  and  from  a  chemical  point  of  view 

*  A  treatise  by  L.  W.  CoUet  (L«s  d6p6ts  marins,  Paris,  liWSj  dwils  ^^'itl^  this  subject  quite  fully. 
'attain  J.  lfuiT«y,  Qeog.  Jour.,  toL  19, 1903,  p.  091,  on  material  collected  in  1901  by  S.  S.  BriiaatUa, 

113i50*— 19— Bull  695 9 
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tiio  most  interesting.  It  is  universally  distribuUki  in  the  oeeftnic 
basins,  but  is  typical  only  at  depths  ranging  from  2^00  to  4,000 
fathoms  and  far  from  land.  Yarioiis  theories  have  been  proposed  to 
account  for  its  formation;  but  Murray  and  Renard  look  on  it  as  essen- 
tially a  chemical  deposit,  produced  by  the  decximposition  of  silicates 
of  volcanic  origin.  Remnants  of  volcanic  rocks  are  fotmd  on  nearly 
all  parts  of  the  ocean  floor,  and  fragments  of  pumic43  are  particularly 
common.  Some  of  these  doubtless  came  from  ordinary  subaerial  vol- 
canoes, either  as  direct  flows  into  the  ocean,  or  as  volcanic  dust  borne 
long  distances  by  currents  of  air.  Other  fragments  represent  sub- 
marine volcanoes.  Some  of  the  specimens  studied  by  Murray  and 
Renard  were  quite  fresh,  others  were  largely  decomposed;  and  in  a 
number  of  them  zeolites  had  been  fonned  by  subaqueous  alteration. 
Crysttils  of  phillipsite  were  repeatedly  identified.  Tlie  color  of  the 
clay  is  duo  to  feme  oxide  or  hydroxide,  which  is  easity  removable  by 
means  of  strong  acids.  In  all  essential  respects  the  clay  resemble^s  the 
residues  fonned  by  the  decay  of  igneous  rocks.  Its  composition, 
as  shown  by  many  analyses,  is  extremely  varial)le. 

That  sea  water  will  attack  and  dissolve  silicates  is  well  known, 
altliough  its  efTicienc}'  is  less  than  that  of  fresli  water.  On  this 
subject  tho  experiments  of  J.  Thoulet  *  have  been  often  quoted,  and 
A.  Johnstone  '  has  shown  that  even  so  refractory  a  mineral  as  talc  is 
slowly  but  perceptibly  soluble.  The  process  of  change  is  of  course 
almost  inconceivably  slow;  but  in  the  quiet  depths  of  the  ocean  it  Las 
doubtless  been  going  on  throughout  tUl  geological  time.  It  began 
when  tlie  first  volcanic  ejectamenta  entered  the  sea,  if  sucli  a  moment 
can  be  imagined,  and  has  been  operative  continuously  to  the  present 
day.  Cosmic  and  other  dusts  have  contributed  something  to  the 
formation  of  tlie  clay,  and  so,  too,  have  animal  remains;  but  volcanic 
matter  seems  to  have  been  the  chief  starting  point.  This  is  the  view 
of  Murray  and  Renard,  and  it  Ls  the  opinion  best  sustained  by  chemical 
eWdence.  Possibly,  however,  submarine  volcanoes  must  also  bo 
taken  mto  account. 

In  addition  to  the  widespread  formations  mentioned  in  the  fore- 
gomg  paragraphs,  tho  sea  bottom  yields  main'  interesting  products 
of  a  sporadic  or  local  character.  Among  them  are  the  well-known 
manganese  and  phosphatic  nodules  and  glauconitc;  and  these  we 
may  briefly  consider  in  regular  order. 

Manganese,  as  oxide  or  hydroxide,  exists  in  all  deep-sea  deposits, 
sometimes  as  grains  in  the  clay  or  ooze,  sometimes  as  a  coating  upon 
pumice,  coral,  shells,  or  fragments  of  bone,  and  often  in  the  form  of 
nodular  concretions  made  up  of  concentric  layers  about  some  other 

1  Compt.  Rood.,  vol.  lOS  1SS3,  p.  7S.i.   Sco  also  recent  work  by  J.  Joly,  ixi  Compl.  rend.  VUI  Gong,  e^ 
Internal.,  1900,  p.  774. 
*  I*roc.  Koy.  Soc.  Edinburgh,  vol.  16, 1880,  p.  172. 
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substance  as  a  nucleus.^  Even  iii  shallow  waters,  as  in  Loch  Fyne  in 
Scotland,  these  nodules  have  been  found,'  but  they  seem  to  be  more 
characteristic  of  the  deeper  ocean  abysses,  whence  the  dredge  often 
brings  them  up  in  great  numbers. 

The  origin  or  mode  of  formation  of  the  manganese  nodules  is  still 
in  doubt.     Murray  '  regards  the  manganese  as  derived,  like  the  red 
day,  from  the  subaqueous  decomposition  of  volcanic  debris.     C.  W. 
Qdmbel  *  attributes  the  nodules  to  submarine  springs  holding  manga- 
nese in  solution,  "^rbich  is  precipitated  on  contact  mtli  sea  water. 
Bttchanan  ^  invokes  the  reducing  agency  of  organic  matter,  which 
transforms  the  sidphates  of  sea  water  to  sulphides,  precipitating  iron 
and  manganese  in  the  latter  form  to  be  subsequently  oxidized.     Thfa 
view  was  contested  by  R.  Irv^ino  and  J.  Gibson  ®  who  showed  that 
manganese  sulphide  was  decomposed  by  sea  water,  the  manganese 
redissolving  as  bicarbonate.     J.  li.  Boussingault '  holds  that  the  man- 
ganese was  derived  from  carbonates  carried  in  solution  by  oceanic 
vnt€rs  and  a  similar  explanation  has  been  oflFered  by  L.  Dieulafait.** 
The  oxidation  of  the  carbonates  is  supposed  to  take  place  at  the  sur- 
face, tlirougli  atmospheric  contact,  after  which  the  precipitated  oxide 
falls  to  the  bottom  of  the  sea. 

Of  all  these  theories,  that  of  Murray  seems  to  be  the  best  substan- 
tiated. The  manganese  can  eajsily  be  derived  from  the  alteration  of 
rock  fragments,  as  it  is  by  weathering  on  land ;  it  goes  into  solution 
aa  carbonate,  is  oxidized  by  the  dissolved  oxygen  of  the  sea  water, 
and  is  precipitated  near  its  point  of  derivation  around  any  nuclei 
which  happen  to  be  at  hand.  The  nodules  occur  in  close  association 
with  altered  volcanic  materials,  and  most  abundantlv  in  comiection 
with  the  red  clay  of  similar  origin ;  furthermore,  their  impurities  are 
of  the  kind  which  the  suggested  mode  of  formation  woidd  lead  us  to 
expect.  In  composition  the  nodides  vary  widely,  ranging  from  4.16 
to  63.23  per  cent  of  manganese  oxide.  The  analysis  by  J.  Gibson  ^ 
is  the  most  complete  one  among  the  many  which  were  made,  and  is 
therefore  selected  as  representative.     Tlie  entire  sample  contained — 

Water 29 .  65 

Aqueous  extract  "* 2. 44 

Insoluble  residue 1 7. 93 

Pbrtion  soluble  in  HCl 49. 97 

99. 99 

*  Vtrlalldaeriptfaii  see  CkmBen^er  Rept.,  Deep-seft  deposits,  Ifm,  pp.  .'Vt1->37S.    S«e  abo  J.  Murray  and 
^Inte^Tans^  Boy.  Soc  FAiinbuisb,  yoL  37^  1S95»  p.  721. 

'J.  Y.  Bodiazisn,  Proc.  Boy.  8oc  r.dlnborgh,  vol.  18, 1890,  p.  19. 
■Fna  tof .  Soe.  Edfaiborgh,  ToL  0^  1898^  p.  255. 
*8Ma])itract  in  Neaes  Jahrb.,  1878,  p.  809. 

*  PWc  Roy.  Soc  Edinburgh,  vol.  18, 1890,  p.  17. 
*Ptoe. Rof . Soe.  Edinborgh,  voL  18, 1890» p.  64. 

'  AmnJMrtifin  pbys.,  5tli  ser.,  voL  27, 18S2,  p.  289. 
*G«pt  Rend.,  vol.  96, 18S3,  p  718 

*  AtBnifer  Rept.,  Deop-sea  deposits,  1891,  pp.  417-423. 

*BtMub  matter  unavoidably  inclosed  in  tbo  nodules.    Gibson  gives  its  composUlonVn.  delsJI\. 
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The  insoluble  and  soluble  portions,  recalculated  separately,  are 
represented  in  the  subjoined  statement: 

Analysis  ofmanffaruse  nodule. 


SiOa 

TiO, 

AloO, 

FeA 

MgO 

('aO 

SrO 

BaO 

MnO 

NiO 

CoO 

ZdO. 

CiiO 

PbO 

T\fi 

Na,0 

KaO 

P2O. 

h^odi'y, '.'/.'.'.'.'.. 

SO3 

CO, 

Peroxide  oxygen. 


PortlGO  solable 
inHCl. 


6.34 

26.97 

4.60 

4.02 


42.94 
1.96 
.56 
.20 
.74 
.10 
.06 


.22 
.14 
.20 
.94 
.58 
9.42 


99.99 


Iniolable 
portkML 


7 AM 

12!  9i 

4.79 

1.45 
.11 
.67 


8.62 
.95 
.11 


99.93 


If  we  include  in  this  analysis  the  water  of  the  original  material  we 
see  that  it  represents  a  mixture  of  manganese,  iron,  and  aluminum 
hydroxides,  soluble  in  hydrochloric  acid,  with  an  insoluble  residue  of 
silicates.     The  specimen  came  froin  a  depth  of  2,375  fathoms. 

The  phosphatic  concretions  found  on  the  ocean  floor  ©e'er  a  sim- 
pler problem  for  solution.  As  Murray  and  Renard  *  show,  they  are 
directly  derived  from  the  ''decaying  bones  of  dead  animals,  upon 
which  carbonic  acid  exerts  a  powerful  solvent  action."  They  form, 
like  the  manganese  nodules,  around  various  nuclei,  but  preferably 
upon  organic  centers,  such  as  shells.  In  many  cases  the  phosphatic 
matter  was  first  deposited  in  cavities  of  shdls,  aroimd  which  the 
nodules  continued  to  grow,  inclosing  various  muddy  impurities. 
Probably  the  ammoniacal  salts  which  are  generated  by  the  decompo- 
sition of  organic  matter  in  the  bone  play  some  part  in  the  precipita- 
tion of  the  calcium  phosphate.  The  following  analyses,  by  Element, 
show  the  composition  of  these  bodies.  A  was  from  a  depth  of  160 
and  B  from  1 ,900  fathoms. 

>  ChaUenger  Rcpt.,  Deep-sea  deposits,  1891,  pp.  397-400.  On  the  phosphatio  Dodules  of  the  AgoDiil 
Bank,  see  L.  W.  CoUct,  Proc.  Roy.  Soc.  Edinboigh,  vol.  25, 1905,  p.  882;  and  L.  CaTCUx,  Boll.  8oc.  M* 
France,  4th  ser.,  vol.  5, 1906,  p.  750. 
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AnaltfH9  ofphoiphatic  concretions  from  sea  bottom. 


80, 

SO, 

ao 

VfO 

p«A 

AIA 

Lob  on  ignition., 
luohible  residue 


95.89 


B 


19.96 

^  23.64 

12.05 

10.64 

1.37 

1.39 

1.36 

2.56 

39.41 

40.95 

.67 

.83 

2.54 

2.79 

1.19 

1.43 

ndet. 

3.66 

17.34 

11.93 

99.71 


Analyses  of  the  insoluble  residue  gave  the  following  results: 


Analyses  of  insoluble  residue  from  phosphatic  concretions. 

A 

B 

SO, 

77.43 

12.40 

7.91 

1.07 

1.02 

76.58 

m 

13.85 

fS... 

7.93 

(w.! ::::: 

1.27 

MgO 

1.18 

99.83 

100.81 

The  concretions,  then,  consist  mainly  of  calcium  phosphate  and 
carbonate,  mixed  with  sand  and  clay. 

The  last  of  the  oceanic  deposits  which  we  need  to  consider  in  this 
connection  is  glauconite,  a  hydrated  siUcate  of  potassium  and  ferric 
iron.  It  is  widely  disseminated  upon  the  sea  bottom,  but  most  abun- 
<iutly  in  comparatively  shallow  waters  and  near  the  mud  hne  sur-* 
rounding  continental  shores — that  is,  it  is  formed  **just  beyond  the 
Bnuts  of  wave  and  current  action,  or  in  other  words,  where  the  fine 
ninddy  particles  commence  to  make  up  a  considerable  portion  of  the 
deposits.'**  It  is  developed  principally  in  the  interior  of  shells,  but 
its  mode  of  formation  is  obscure.  Murray  and  Renard  argue  that 
^to  the  death  of  the  organism  the  shell  first  becomes  filled  with  fine 
iniid,  upon  which,  in  presence  of  the  sulphates  of  sea  water,  the 
oiganic  matter  of  the  animal  may  act.  The  iron  of  the  mud  is  re> 
^Qced  to  sulphide,  which  afterward  oxidizes  to  ferric  hydroxide, 
^lonuna  being  at  the  same  time  removed  in  solution  and  colloidal 
alica  set  free.  The  latter,  reacting  upon  the  hydroxide,  in  presence 
^^  potassium  salts  derived  from  adjacent  minerals,  finally  generates 
(jivieoiiite.    This  theory  is  supported  by  the  observation  that  the 


1  ICorrmy  and  Renard,  ChaUenffer  Kept.,  Deep-sea  deposits,  1891,  p.  3S&. 


134 


DATA  OF  GECK.'HBMISTRY. 


glauconitic  shells  are  always  associated  with  the  detritus  of  terrigenous 
rocks,  containing  orthoclase,  muscovite,  and  other  minerals  from 
which  tlie  necessary  potassium  could  be  obtained.  In  a  later  portion 
of  this  work  we  shall  have  to  examine  the  subject  of  glauconite  more 
fully.     An  elaborate  discussion  of  it  would  be  out  of  place  now. 

Oceanic  deposits,  then,  w^hether  of  shell,  coral,  red  clay,  manganese 
nodules,  or  glauconite,  are  in  a  sense  the  fossil  records  of  chemical 
reactions  which  have  taken  placo  in  the  depths  of  the  sea.  They 
represent  both  additions  to  and  withdrawals  of  matter  from  (he 
waters  of  the  ocean,  with  the  formation  of  now  substances  by  chemical 
change.* 

The  relative  quantities  of  the  chemical  sediments  thus  annually 
formed  can  be  approximately  estimated.  For  this  purpose  we  may 
first  compare  in  detail  the  actual  amount  of  each  radicle  poured 
into  the  ocean  in  one  year  with  the  total  accumulation  of  saline 
matter  in  the  ocean  itself.     The  data  are  given  in  the  following  table: 

Comparison  of  oceanic  and  fluviatiU  salts. 

A.  Tho  annual  addition  or  each  radicle,  by  rivers,  computed  from  the  data  already  given  in  tho  |>reeid* 
InR  chapter. 

B.  The  .saline  matter  in  the  ocean,  computod  from  Dittmar's  analyses,  ykUh  Karslen^'s  va!r.e  forth* 
volume  of  the  ocoan,  1,285,935,211  cuhlc  kilometers,  and  a  mean  demity  of  1.026. 


SO, . . 

CL... 

Br... 

NO.. 

Na.. 

K.... 

Oa... 

Mg... 

R,03. 

SiO.,. 


Sum. 


Annual  from  rivers 
(metric  tons  X10>). 


24,614 
258, 357 

57,962 
557, 670 

93,264 

75,213 
319,170 


2,735,000X10* 


B 

Tn  ocean 

(metric  tens  X10>')' 


95.6 

3,56a0 

25,538.0 

86.8 


14, 1^.  0 

0ia8 

552.8 

1,721.0 


46,188.0X10»» 


If  from  each  of  the  quantities  in  column  A  wo  subtract  the  amount 
annually  retained  in  solution  by  the  sea,  the  difference  will  represent 
the  amount  precipitated.  To  do  this,  an  assumption  must  be  made 
as  to  the  age  of  the  ocean ;  but  whatever  figure  is  assumed,  the  results 
will  be  of  the  same  order  of  magnitude.  For  example^the  ocean 
contains  552.8x10"  metric  tons  of  dissolved  calcium;  which  quan- 
tity, divided  by  the  assumed  age,  gives  the  annual  increment.  If 
the  age  of  the  ocean  is  100,000,000  years,  the  annual  addition  of 


1  E.  J.  Joiies  (Jour.  Asiatic  Soe.  Bengal,  vol.  56,  pt.  3, 1887,  p.  200)  hasdescribedanothecdaas  of  i 
nodules.    They  were  dredged  up  in  675  fathoms  of  water  oH  Colombo,  Ceylon,  and  («oii«t*nf»«i  about  1Sp« 
cent  of  barium  sulphate. 
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calcium  has  been  5,528,000  tons;  if  only  50,000,000  years  it  is 
11,056,000  tons.  Subtracting  these  quantities  from  the  total  cal- 
cium of  the  river  waters  the  remainders  become  552,142,000  and 
546,614,000  tons,  respectively;  the  difference  being  less  than  the 
actual  uncertainties  of  the  computation.  Calculating  upon  both 
assumptions  the  annual  precipitation  of  chemical  sediments  is  as 
follows,  in  metric  tons: 


Affof<Kvan(ycar5; 

so« 

Ci 


100,000,000 


50,000,000 


29G,  500, 000  ' 

552,142,000 

7G,  054. 000 

52,  874, 000 

75,213,000 

319, 170, 000 


2C0,  970, 000 

546, 614, 000 

58,844,000 

47,  766, 000 

75, 213, 000 

319, 170, 000 


If  we  assume  that  all  the  calcium  and  magnesium  are  precipitated 
as  carbonates  and  the  sesquioxides  as  hydrates,  the  total  amount 
of  chemical  sediments  annually  deposited,  including  coral  reefs 
and  calcareous  oozes,  is  somewhere  between  2,200,000,000  and 
2,400,000,000  metric  tons.  A  little  lime  imdoubtedly  goes  down  as 
sulphate,  although  g3rpsum  or  anhydrite  is  found  in  oceanic  sedi- 
ments only  in  very  small  proportions.  Probably  much  of  the 
sulphuric  radicle  is  reduced  by  organic  matter,  forming  sulphides. 
The  potassium  is  partly  taken  up  by  the  clay  substances  of  oceanic 
silt  and  partly  goes  to  form  glauconite,  but  there  are  no  data  from 
which  to  determine  its  actual  distribution.  Sihca  is  assumed  to  be 
wholly  thrown  down,  the  trifling  residue  held  in  solution  being 
negligible.     Chlorine  and  sodium  are  held  to  remain  dissolved. 

The  figures  given  above  for  the  quantities  of  the  chemical  pre- 
cipitates are,  of  course,  by  no  means  accurate.  They  are  merely 
rou^  approximations  to  the  truth,  but  they  tell  something  of  the 
rdative  magnitudes.  Even  if  we  knew  precisely  the  age  of  the  ocean 
it  would  not  be  practicable  to  reckon  backward  and  so  to  determine 
the  total  mass  of  deposits  formed  during  geologic  time.  The 
%ures  tell  us  what  is  happening  to-day,  but  are  inapphcable  to  the 
p«st  The  reason  for  this  statement  is,  that  apparently  the  different 
deposits  have  formed  at  different  rates.  In  the  beginning  of  chemical 
erosion  fresh  rocks  were  attacked,  and  relatively  more  sihca  and  less 
Kme  passed  into  solution.  At  present,  limestones  laid  down  in  pre- 
^us  geologic  ages  are  being  dissolved,  and  calciima  is  added  to  the 
<*cean  more  rapidly  than  in  pre-Cambrian  time.  This  is  not  mere 
^ieculation.  A  study  of  river  waters  with  reference  to  their  origin, 
whether  from  crystalline  or  sedimentary  rocks,  fully  justifies  my 
AttertioDs. 
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So  much  for  Uie  annual  precipitation.  J.  Joly/  by  a  different 
method,  has  calculated  that  the  total  mass  of  chemical  sediments  in: 
the  ocean  is  about  19.5X10^*  metric  tons.  This  estimate  is  not 
inconsistent  with  the  foregoing  computations.  Purely  mechanical 
sediments,  such  as  river  silt,  volcanic  ejectamenta,  or  dust  brought 
by  the  atmosphere  from  the  land,  are  obviously  left  out  of  considera- 
tion liere.  Their  sum  total  could  hardly  be  estimated,  at  least  hot 
with  existing  data.' 

POTASSIUM  AND   SULPHATES. 

In  seeking  to  balance  the  gains  and  losses  of  the  ocean  some  account 
must  bo  taken  of  potassium  and  of  sulphates.  The  latter  have 
already  been  mentioned  as  partly  reduced  by  organic  matter,  a 
change  wliich  is  counterbalanced  to  some  extent  by  reoxidation 
under  other  circumstances.  On  the  whole,  sulphates  seem  to  accu- 
mulate in  the  ocean,  but  tlie  figures  are  not  wholly  concordant  or 
satisfactory.  The  extent  of  their  precipitation  is  by  no  means  clear, 
although  they  are  found  in  all  the  clays  and  oozes  in  trivial  propor- 
tions. 

With  potassium  other  conditions  hold,  and  river  and  ocean  waters 
are  not  at  all  alike.  In  river  waters,  on  an  average,  the  proportion 
of  potassium  is  about  one-fourth  that  of  the  sodium;'  but  in  sea 
water  it  is  only  one-thirtieth.  In  the  igneous  rocks  sodium  and 
potassium  are  nearly  equal;  they  pass  unequally  into  the  streams, 
and  in  the  ocean  the  difference  is  still  further  increased.  What 
becomes  of  tlie  potassium  ? 

The  answer  to  this  question  is  simple.  Hydrous  silicates  of  alumi- 
num, tlio  clays,  are  able  to  take  up  considerable  proportions  of 
potassium  and  to  remove  its  salts  from  solutions.  According  to  J.  M. 
van  Bemmelen,^  ordinary  soils  will  extract  more  potassium  than 
sodium  from  solutions  in  which  the  salts  of  both  met^als  are  present, 
even  where  the  sodium  is  in  excess.  Potassium,  then,  is  removed 
from  natural  waters  as  they  percolate  through  the  soil,  or  else  by  the 
suspended  silt  carried  by  streams.  The  sodium  is  not  so  largely  with- 
drawn, and  therefore  its  relative  proportion  tesnds  steadily  to  increase. 
One  metal  is  deposited  with  the  sediments,  the  other  remains  in 
solution. 


*  Radioactivity  an«l  g«*ol(ipy,  pp.  57,  .V. 

>  In  an  intorcstinR  hut  not  allogothcr  convlu-^ive  pa{>er  (Jour  Geology,  vol.  2,  1894,  p.  318)  J.  A.  Vddfll 
hascnd'.'avo.-Hvl  tu  slu>n'  that  tho  dust  curried  by  the  atmosphere  is  of  greater  amount  than  Uie  silt  trant' 
IMitcd  by  rivers.  St»,>  aKo  E.  E.  Frw,  Si'ionci',  vol.  '29, 1909,  p.  423.  In  Bull.  Bur.  Soils  No.  68,  U.  S.  Dept; 
Agr.,  rjll,  Free  givo.<  an  elaborate  diseus<ion  of  the  movement  of  the  soil  by  wind,  and  a  full  bibliocnqplt/ 
of  the  ."^ubjeca. 

'  Many  of  the  analyses  of  river  water,  as  publii>hed,  show  no  potassium,  but  this  only  means  that  thsf 
ti^p.  iiK'om])lete.  In  such  eases  the  alkalies  were  weighed  together  and  in  ealeulation  the  potaashun  WM 
ignored.     This  is  esjKHjially  true  of  Iwiler-water  analyses. 

<  Landw.  Ver.suehs-Statiunrn  ( Berlin ;,  vol.  21,  1877,  p.  135.  The  adsorption  of  iH>taj?siiim  has  been  Mtal^ 
Jisiied  by  the  work  of  many  investigators. 
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These  observations  are  confirmed  in  part  by  analyses  of  oceanic 
deposits,  although  the  evidence  is  often  incomplete.  The  larger 
DumW  of  analyses  given  for  clay,  mud,  and  ooze  in  the  CkaUenger 
rep(^  contain  no  mention  of  alkalies,  but  when  the  latter  are  noted 
thepotassium  is  commonly,  not  always,  in  excess.^  In  glauconite  and 
phillipsite  deposits  potassium  always  predominates.  L.  Schmelck,'  in 
his  analyses  of  days  from  the  northern  Atlantic,  records  no  alkalies, 
but  K.  Natterer,'  in  sediments  from  the  eastern  Mediterranean  and 
the  Red  Sea,  found  small  quantities  of  potash  and  soda,  and  in  nearly 
every  instanc-e  potash  was  the  more  abundant  of  the  two.  In  short, 
if  the  recorded  analyses  are  correct,  the  clays  and  oozes  of  the  deep 
sea  have  been  partly  leached  of  their  alkahes;  but  some  of  the  po- 
taaBinm  from  the  original  volcanic  material,  with  less  sodium,  has 
been  retained  in  the  production  of  zeolites.  Nearer  to  land  potassiimi 
has  been  used  in  the  formation  of  glauconite,  and  still  nearer,  where 
mechanical  sediments  appear,  a  similar  discrimination  is  evident. 
Sodium  dissolves,  but  potassiimi  is  held  back.  Potassium  salts  are 
also  absorbed  by  some  seaweeds  in  large  quantities.  This  has  been 
recently  shown  by  D.  M.  Balch,*  who  finds  that  the  giant  algse  of  the 
California  coast  are  remarkably  rich  in  potassium  chloride. 

THE  CHLORINE  OF   SEA  WATER. 

It  is  not  possible  at  present  to  trace  all  of  the  changes  which  take 
place  in  ocean  water,  nor  to  account  with  certainty  for  the  difference 
between  sea  salts  and  the  material  received  from  streams.  In  chem- 
ical character,  fresh  and  salt  water  are  opposites,  as  a  brief  inspection 
of  the  data  will  show.  In  ocean  water,  C1>S04>C03;  in  average 
river  water,  COs>S04>Cl.  So  also  for  the  bases — in  the  first  case, 
?fa>Mg  >Ca;  in  the  other,  Ca  >Mg  >Xa — a  complete  reversal  of  the 
order.  We  can  understand  the  accmnulation  of  sodium  in  the  ocean, 
and  some  of  the  losses  are  accounted  for,  but  the  great  excess  of 
chlorine  in  sea  water  is  not  easily  explained.  In  average  river  wat<>r 
sodium  is  largely  in  excess  of  chlorine;  in  the  ocean  the  opposite  is 
frue,  and  we  can  not  well  avoid  asking  whence  the  halogen  element 
'^as  derived.  Here  we  enter  the  field  of  speculation,  and  the  evi- 
dence upon  which  we  can  base  an  opinion  is  scanty  indeed.*^ 

To  the  advocates  of  the  nebular" hy])o thesis  the  ])roblem  is  compara- 
tively simple.     If  our  globe  was  formed  by  cooling  from  an  incan- 

* TUs OQOctusioa  is  oonfirmed  by  a  recent  and  very  complete  analysis  of  the  "red  clay,"  conducted  in 
dMbboratory  of  the  United  States  Geological  Survey.  These  sediments  will  l>e  considered  more  fully  iu 
ntUHr  chapter. 

*  Dn  Nonke  Nctdhavs-Expedition,  pt.  9, 1882,  p.  35. 

■MflOitah.  Chemie,  vol.  14, 1893,  p.  624;  vol.  15, 1894,  p.  530;  vol.  20, 1899,  p.  1. 

^lonr.Indiist.  and  Eng.  Chem.,  vol.  1, 1909,  p.  777.  These  alg»  are  now  being  commercially  exploited 
■aamree  of  potaosiuni  chloride. 

I  Ob  the  ratio  between  sodium  and  chlorine  in  the  salts  carried  by  rivers  to  the  sea,  sec  E.  Dubois,  Proc. 
8n.  Bd.,  Amsterdam  Acad.,  vol.  4, 1902,  p.  388.  On  the  ratio  between  CI  and  SO4  iu  sea  water,  see  E. 
BuUto,2M,tada.  anorg.  Chemie,  vol.  60, 1910,  p.  233. 
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descent  mass,  its  primitive  atmosphere  and  ocean  must  have  been 
quite  unhke  the  present  envelopes,  and  we  may  fairly  suppose  that 
they  contained  lai^e  quantities  of  acid  substances.  Hydrochloric 
acid  in  the  atmosphere  would  imply  a  solution  of  hydrochloric  acid 
in  the  sea,  which  might  in  time  be  neutralized  by  the  bases  dissolved 
from  rocks  and  poured  by  rivers  into  the  conmion  reser\^oir.  This 
argument  has  been  especially  developed  by  T.  Starry  Hunt,*  who 
shows  that,  if  his  j)rcmises  are  sound,  the  i)rimeval  ocean  must  have 
been  much  richer  in  calcium  and  magnesium  than  the  sea  is  to-day. 
Tlie  richness  of  some  artesian  waters  of  Canada  m  lime  salts,  waters 
wliicii  Hunt  regards  as  fossil  remainders  from  the  early  sea,  may  be 
cited  in  support  of  his  views. 

On. the  other  hand,  R.  A.  Daly-  has  cited  paleontological  data  in 
favor  of  the  view  that  tlic  pre-Cambrian  ocean  was  nearly  free  from 
lime.  The  absence  of  fossils  from  rocks  of  an  age  immediately  i>re- 
ceding  a  period  rich  in  highly  developed  calcareous  forms  is  taken  as 
evidence  that  the  earliest  life  was  essentially  shell-less  and  soft- 
bodied,  in  consequence  of  a  deficiency  of  lime  salts  in  its  environment 
It  is  possible,  however,  that  the  i)re-Cambrian  animals  were  developed 
imder  conditions  which  favored  the  formation  of  aragonitic  rather 
than  calcitic  fexoskeletons.  Aragonitic  shells  dissolve  much  more 
readily  than  those  formed  of  calcite,  and  therefore  rarely  appear  as 
fossils. 

Another  group  of  writere,  seeking  to  avoid  the  nebular  hypothesis, 
conceive  the  earth  as  having  been  built  up  by  the  slow  aggr^ation 
of  small,  solid,  and  cold  meteoric  bodies.  •**  Each  of  these,  it  is 
supposed,  carried  with  it  entangled  or  occluded  atmospheric  material. 
In  course  of  time  central  heat  was  developed  by  pressure,  and  a 
partial  expulsion  of  gas  followed,  thus  forming  an  atmosphere 
derived  from  within.  When  the  atmosphere  became  adequate  to 
retain  solar  heat,  and  so  to  raise  the  surface  t.emperature  of  the 
globe  above  the  freezing  point,  the  hydrosphere  came  into  existence; 
but  of  its  chemical  nature  at  the  beginning  nothing,  so  far  as  I  am 
aware,  has  been  said  by  the  advocates  of  this  doctrine.  There  is, 
however,  an  analogy  which  may  be  utilized.  Meteoric  iron  fre- 
quently incloses  anhydrous  ferrous  chloride,  or  lawrenceite,  a  fact 
of  which  the  curators  of  collections  are  painfully  aware.  The  ferrous 
chloride  deliquesces,  the  liquid  formed  then  undergoes  oxidation, 
ferric  hydroxide  is  deposited,  and  acid  solutions  are  developed  which 
still  further  attack   the  iron.     Through  this  process  of  corrosion 

>  Am.  Jour.  Sci.,  2d  scr.,  vol.  39,  1863,  p.  176;  and  various  papers  in  his  Chemical  and  geokiKlOBi  CMiyi. 
Soc  also  J.  Joly,  on  the  geologic  age  of  tho  earth,  in  Trans.  Roy.  Dublin  Soc.,  9d  sfr.,  vol.  7, 1890,  p  S;  and 
R.  A.  Taylor,  Proc.  Manchester  Lit.  Philos.  Soc.,  vol.  50, 1908,  p.  ix. 

>  Am.  Tour.  .Sci.,  4th  ser.,  vol.  23, 1907,  p.  99.  Also  a  later  paper  in  Ball.  G«ol.  Soe.  Amerioa,  toI.  ID,  tM% 
p.  lo3. 

*  Seo  T.  C.  Chamborltn,  Jour.  Geology,  vol.  5,  1997,  pp.  G53  ct  seq.;  also  U.  L.  Faind&ild,  Am.  QaolQCtat, 
Tol.  23, 1890,  p.  94. 
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certain  meteoric  irons  have  cniiAbled  into  masses  of  rust  and  dis- 
appeared as  museum  specimens.  If,  now,  the  earth  was  formed 
(nNDi  meteoric  masses,  some  of  them  doubtless  contained  this  annoy* 
iog  impurity,  and  chlorine  from  that  source  may  have  reached  the 
f^eval  ocean.  In  fact,  A.  Daubr6e*  found  lawrenceite  in  the 
temstiial  native  iron  from  Ovifak.  The  planetesimal  hypothesis  is 
evid^tly  not  inconsistent  with  the  excess  of  oceanic  chlorine.  It  is 
also  m  harmony  with  the  idea  advanced  by  E.  Suess,^  that  the  ocean 
has  received  large  accessions  from  volcanic  sources.  Hydrochloric 
acid  and  volatile  chlorides  exist  in  volcanic  emanations  and  must,  to 
some  extent,  reach  the  sea.  G.  F.  Becker^  has  recently  discussed 
this  phase  of  the  problem  and  has  shown  that  a  comparatively 
moderate  emission  of  volcanic  chlorine  would  fully  account  for  the 
excess  of  that  element  in  the  ocean.  But  if,  as  has  often  been 
suggested,  the  volcanic  gases  were  first  derived  from  oceanic  infil- 
trations, they  represent  no  gain  to  the  ocean,  and  this  question  is 
still  at  issue. 

THE  DISSOLVED   GASES. 

Up  to  this  point  we  have  considered  only  the  saline  matter  of  the 
ocean;  but  the  dissolved  gases  are  almost  equally  important  and  have 
been  the  subject  of  exhaustive  investigations.  The  earlier  researches 
were  not  altogether  satisfactory,  and  wo  need  therefore  examine  only 
the  more  recent  data,  first  as  to  tho  air  and  then  as  to  the  carbonic 
acid  of  sea  water. 

The  solubility  of  a  gas  in  water  varies  with  its  nature  and  with  the 
temperature,  being  greatest  in  the  cold  and  diminishing  as  the  sol- 
vent becomes  warmer.  The  Arctic  Ocean,  therefore,  dissolves  more 
air  than  the  waters  of  tropical  regions,  and  it  also  seems  to  carry  a 
greater  proportion  of  oxygen.  We  have  already  seen,  in  studying 
the  atmosphere,  that  water  exercises  a  selective  fimction  in  the  solu- 
tion (rf  air,  so  that  the  dissolved  gaseous  mixture  is  enriched  in  oxy- 
gen. Ordinary  air  contains  by  volume  only  about  one  part  in  five  of 
oxygen;  dissolved  air  contains,  roughly,  one  part  in  three;  although, 
as  we  shall  see,  the  proportion  changes  as  conditions  vary.  Even  the 
salinity  of  the  ocean  must  probably  be  taken  into  account,  for  the 
leason  that  some  if  not  all  gases  are  less  soluble  in  salt  than  in  fresh 
water.  According  to  the  experiments  by  F.  Clowes  and  J.  W.  II. 
Biggs,^  salt  water  dissolves  only  82.9  per  cent  as  much  oxygen  as  is 
absorbed  by  fresh  water.  So  large  a  difference  can  not  well  be 
ignored. 

*itiidessjiilb6ti4UC:idegoologLooxpLTuncntalc,  1S7U,  p.  507. 

«Oeog.  Jour.,  vol.  20, 1902,  p.  520.    See  also  C.  Doeltcr,  Sitzungsb.  -Vkad.  Wicu,  vol.  112,  IIKW,  p.  704. 

'Smittoaniii  Misc.  ColL,  vol  &>,  No.  6. 1910. 

*JoaL  See  Chem.  Ind.,  vol.  23, 1904,  p.  35&. 
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To  illustrate  the  difference  in  solubility  between  the  two  principal 
atmospheric  gases,  we  may  use  the  data. given  by  O.  Pettersson  and 
K.  Sond6n.^  In  pure  water  the  gases  dissolve  imequally,  and  the  fol- 
lowing table  shows  their  solubility  throughout  a  fair  range  of  atmos- 
pheric temperatures.  The  figures  represent  the  number  of  cubic  cen- 
timeters of  each  gas,  at  760  millimeters  pressure,  required  to  saturate 
1  liter  of  water;  and  the  last  column  gives  the  percentage  of  oxygen 
in  the  dissolved  mixture,  when  N-f  0  =  100. 

Solubility  of  nitrogen  and  oxygen  in  water  at  variotts  temperatures. 


Tempera- 

MtTopen 

Oxyccn 
absorbod. 

cm.* 

Percentage 

ture. 

absK>rbtid. 

of  oxygen. 

•c. 

cm.* 

0 

19.53 

10.01 

33.88 

6.00 

10.34 

8.28 

33.60 

0.32 

16.  60 

8.39 

33.55 

9.18 

15.58 

7.90 

33.60 

13.70 

14.16 

7.14 

33.51 

14.10 

14.16 

7.05 

33.24 

When  we  recall  the  fact  that  ordinary  air  contains  only  21  per  cent 
of  oxygen,  the  magnitude  of  the  change  produced  by  solution  becomes' 
manifest. 

In  sea  water  the  same  relation  holds  approximately,  but  the  enrich- 
ment is  slightly  greater.  H.  Tomoe,'  assisted  by  S.  Svendsen,  made 
94  analyses  of  air  extracted  from  the  water  of  the  North  Atlantic 
and  found  the  oxygen  in  the  mixture  N  +0  to  range  from  a  minimum 
of  31  to  a  maximum  of  36.7  per  cent.  Between  70°  and  80®  lati- 
tude the  average  was  35.64  per  cent;  below  70°  it  was  34.96.  At  the 
surface  the  mean  percentage  of  oxygen  was  35.3,  and  it  diminished 
with  the  depth  from  which  the  samples  were  taken  down  to  300 
fathoms,  when  the  proportion  was  reduced  to  32.5.  Below  300 
fathoms  the  percentage  of  oxygen  was  nearly  constant.  O.  Jacobsen,'  ' 
analyzing  dissolved  air  from  the  water  of  the  North  Sea,  obtained 
a  range  of  25.20  to  34.46  per  cent,  the  surface  average  being  33.95. 

Still  more  elaborate  are  the  data  published  by  W.  Dittmar,*  whose 
samples  of  dissolved  air  came  from  many  points  in  the  AtlantiCi 
Pacific,  Indian,  and  Antarctic  oceans.  The  maximum  amount  was 
found  in  the  Antarctic — 28.58  cubic  centimeters  of  air  to  the  liter  of 
water,  containing  35.01  per  cent  of  oxygen.     The  minimtun,  13.73 

1  Rer.  Dcutsch.  chem.  r.csell.,  vol.  22,  1S89,  p.  U39.  Sec  also  R.  W.  Dunsen,  Gasometrische  lletbodMi; 
W.  Dittmar,  in  bis  Chatlcngir  n'i>ort;  and  A.  Ilambcrg,  Bihang  K.  Bvensk.  Vet.-Akad.  Handl.,  v<^  10^ 
No.  13.  1884. 

*  E>cn  Noiske  Xordhavs-Expcdition,  ChcmJstn^  l^^i  PP'  i-23.  Tomoe  in  this  memoir  gives  a  good 
summary  of  the  earlier  investigations. 

3  Die  Ergcbnisso  der  Untersuchungsfahrten  8.  M.  Knbt.  Drache,  Berlin,  1886.  An  earUor  memoir  bf 
Jaeobsen  is  printinl  in  Liobig's  Annalen,  vol.  1(^7, 1873,  pp.  1  et  scq. 

*  Challtngtr  Kept.,  Thysii'S  and  chemistry,  vol.  1,  1884.  For  the  next  table  sco  p.  224.  Alio  for  •  HBI*^ 
mar}'  of  the  results  obtained,  see  the  "  Narrative  "  of  the  expedition. 
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cnbic  ceniimeters  and  33.11  per  cent,  was  obtained  at  a  point  south- 
east of  the  Philippine  Islands.  The  general  conclusions  as  to  the 
solnbility  of  nitrogen  and  oxygen  in  sea  water  at  different  tempera- 
tares  appear  in  the  following  table: 

Solubility  of  nitrogen  and  oxygen  iv  sea  water  at  varioue  temperatures. 


Temperature. 

Dissolved 
nitrogen.a 

Dissolved 
oxygen.s 

Percentage 
of  oxygen. 

•£?. 

em* 

cm* 

0 

15.60 

8.18 

34.40 

5 

13.86 

T.22 

34.24 

10 

12.47 

6.45 

34.09 

15 

11.34 

5.83 

33.93 

20 

10.41 

5.31 

33.78 

25 

9.62 

4.87 

33.62 

30 

8.94 

4.50 

33.47 

35 

8.36 

4.17 

33.31 

•  Supposed  to  be  meftsared  dry,  at  0*  C.  and  760  millimeters  pressure;  in  other  words ,  the  normal  volumes 
ta  cubic  centimeters  in  1  liter  of  sea  water  at  the  given  temperatures.    The  "nitrogen ''  of  course  includes 

tIfOB 

No  argument  is  needed  to  show  the  importance  of  the  facts  thus 
developed.  The  dissolved  oxygen  plays  a  double  part  in  the  activities 
of  the  ocean — first  in  maintaining  the  life  of  marine  organisms,  and 
second  in  oxidizing  dead  matter  of  organic  origin.  By  the  latter 
process  carbon  dioxide  is  generated,  and  that  compound,  as  we  have 
already  seen,  helps  to  hold  calcium  carbonate  in  solution.  Its  other 
function  as  a  possible  regulator  of  climate  will  be  considered  presently. 

Free  or  half -combined  *  carbonic  acid  is  received  by  the  ocean  from 
Tarious  sources.  It  may  be  absorbed  directly  from  the  atmosphere  or 
brought  down  in  rain;  it  enters  the  sea  dissolved  in  river  water;  it  is 
derived  from  decaying  organic  matter,  and  submarine  volcanic 
springs  contribute  a  part  of  the  supply.  The  free  gas  is  also  liberated 
from  bicarbonates  by  the  action  of  coral  and  shell  building  animals, 
which  assimilate  the  normal  calcium  salt.  Carbonic  acid  is  continu- 
ally added  to  the  ocean  and  continually  lost,  either  to  the  atmosphere 
again  or  in  the  maintenance  of  marine  plants,  and  we  can  not  say  how 
nearly  the  balance  between  accretions  and  losses  may  be  preserved. 
The  equilibrium  is  probably  far  from  perfect;  it  may  be  disturbed  by 
changes  in  temperature  or  by  the  agitation  of  waves,  and  every  varia- 
tion in  it  leads  to  important  consequences.  It  is  estimated  that  the 
ocean  contains  from  eighteen  to  twenty-seven  times  as  much  carl^on 
dioxide  as  the  atmosphere,  and  that  it  is  therefore,  as  T.  Schloesing  ^ 
has  pointed  out,  the  great  regulative  reservoir  of  the  gas. 

1 A  mnrfi  used  bat  inexact  expression.   It  describes  the  second  molecule  of  carbonic  acid  which  converts 
thiBonBalsalU  Into  biearbonates. 
•Oaoqit  Bend.,  toL  90,  1880,  p.  1410.    See  also  A.  Krogh,  Meddelelscr  om  Greenland,  vol.  26,  1904, 
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Nearly  all  of  tlie  authorities  thus  far  quoted  with  reference  to  thfi 
dissolved  air  of  soa  water  have  also  studied  the  omnipresent  carboniio 
acid.  Jacobsen,  Hamberg,  Tornoe,  Buchanan,  Dittmar,  Natterer] 
and  others  have  made  numerous  determinations  of  its  amoimt,  and  as 
a  general  rule  the  quantities  found  were  insufficient  to  transform  bII  ci 
the  normal  cfdcium  carbonate  into  the  acid  salt.  Tornoe,  as  the  aver-* 
ago  of  78  sea-water  analyses,  found  52.78  milligrams  to  the  liter  ci 
fully  combined  carbon  dioxide,  and  in  addition  43.64  milligrams  avait 
a})le  for  the  formation  of  bicarbonates.  Results  of  the  same  ordei 
W(»ro  obtained  by  Natterer  in  his  examination  of  waters  from  the 
Mediterranean.  Normal  carbonate  and  bicarbonate  are  both  preseni 
ill  Foa  water,  although  in  a  few  exceptional  determinations  during  the 
Challenger  expedition  the  carbonic  acid  was  clearly  in  excess.  Such 
instances,  however,  are  rare,  and  are  ascribable  to  purely  local  and 
unusual  conditions. 

The  carbonic-acid  determinations  of  the  ChaUenger  voyage  were 
conducted  partly  by  J.  Y.  Buchanan  on  shipboard,  and  partly  by 
W.  Dittmar  on  land.*  The  combined  acid  has  alreadv  been  ac-coimted 
for  in  tlie  analyses  given  for  sea  salts;  the  ''loose,*'  free,  or  half -com- 
bined aoid,  is  more  variable.  Its  average  amount,  in  milligrams  to 
the  liter,  at  different  temperatures  appears  in  the  following  table: 

Arera'je  amount  qf/re^  carbonic  acid  in  sea  water  at  rwrious  temperatures, 

l^Uhgnms  per  liter.] 

25°to2S.7*'0 35.88     10®  to  15**0 43.56 

5«»  to  10^0 47.fl 

— 1.4 *»  to +3.2^0 53,31 


20°  to  25^0 37. 18 

15^  to  20"C 42.  68 


That  is,  the  ocean  contains  less  free  carbonic  acid  in  warm  than  in 
cold  latitudes.  Its  average  quantity  is  estimated  by  Murray  at  45 
milligrams  per  liter,  which  is  equivalent  to  a  layer  of  carbon  3.45 
centimeters  tliick  over  the  entire  oceanic  area.  For  different  depths 
of  water  the  variations  in  carbonic  acid  are  less  pronounced,  as  may 
be  seen  from  the  subjoined  averages: 

Arerajc  amount  of  free  carbainc  and  in  sea  trater  at  vari&tts  depths. 

fMUligrams  per  liter.] 
Surface 42.  ft  1  300  fathoms 44.il 


25  fathoms 33.  7 


400fathoins 41.1 


SOfathoms 48.8     800  fathoms 42.S 

100  fathoms 43.0  I  More  than  800  fathoms 44.6 

200fathoma 44.0     Bottom 47.4 

The  figures  are  derived  from  195  determinations  by  Buchanan,  and 
the  individual  numbers  range  from  19.3  to  96  milligrams  to  the  liter, 
In  15  determinations  the  carbonic  acid  was  in  excess  of  the  amount 


«  See  vol.1  of  the  rcnorl  on  nhysirsaml  ch?ralstry  and  part  2  of  the  "  Narrative,  "p.  979;  aba  J.  Y. 
in  Proc.  Roy.  Soc.,  vol.  22, 1S74,  i»p.  192, 4S3.    The  tables  cited  are  from  the  "  Narrative 
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nece63iiT  to  form  Uicarbonat^s;  int  ouly  22  was  it  sufilcieut  to  fuJly 
co&vert  tlie  normal  iiito  the  aeid  salt. 

In  the  light  of  the  evidence  just  presented,  and  speaking  from  the 
point  of  view  of  the  modem  theory  of  solutions,  we  may  say  that  the 
wat{?r  of  the  ocean  contains  not  only  the  normal  carhonic  ions,  CO,, 
but  also  a  considerable  proportion  of  the  bicarbonic  ions  IICO3. 
The  ktter  ions  are  unstable,  and  their  existence  is  conditional  on 
kn^ieraturc,  so  tliat  alUiough  they  are  continually  forming  they  are 
as  continually  bruig  decomposed.  That  is,  between  the  ocean  and 
tke  atmosphere  there  is  an  interchange  of  carbonic  a(^id,  which  is 
released  from  the  water  in  warm  climates  and  absorbed  again  in  the 
coki.  The  atmospheric  supply  o£  carbon  dioxide  is  thus  alternately 
finriched  and  impoverished,  and  the  conditions  affectii^  equilibrium 
are  of  several  kinds.  This  problem  has  been  elaborately  discussed 
by  C.  F.  Tolman,  jr.,*  from  the  standpoint  of  the  physical  chemist, 
and  his  memoir  should  be  consulted  for  tlie  detailed  argument.  The 
essential  features  of  the  evidence  upon  which  a  theoretical  discussion 
can  be  based  are  aheady  before  us.  We  have  considered  the  oceanic 
losses  and  gains  of  carbon  dioxide,  and  it  remains  to  correlate  them 
with  the  corresponding  changes  in  the  atmosphere.  This  can  not  be 
done  quantitatively,  for  the  rates  of  consumption  and  supply  are  not 
measurable.  In  i)articular,  the  carbon  dioxide  from  volcanoes  and 
volcanic  springs  is  not  a  determinable  quantity. 

That  the  surface  of  the  eartli  has  been  subjt^cted  to  climatic  alterna- 
tions, to  glai*ial  periods  and  epochs  of  greater  warmth,  is  a  common- 
place of  geology.  To  account  for  such  changes,  vaiious  astronomical 
and  physical  theories  have  been  proposed,  and  with  these,  of  course, 
dujmistry  has  nothing  to  do.  Whetlier,  for  example,  the  solar  con- 
stant of  radiation  is  really  a  constant  or  not  is  a  question  which  the 
chemist  can  not  attempt  to  answer.  The  chemical  portion  of  the 
problem  is  all  that  concerns  us  now;  and  that  relates  to  the  variable 
ctrbonation  of  the  atmosphere. 

The  researches  of  Arrhenius  on  the  possil)le  climatic  significance  of 
carbon  dioxide  were  cited  and  criticized  in  a  previous  chapter,  and  we 
tiien  saw  that  its  variation  in  the  atmosphere  might  be  attributed  to 
flttotuating  volcanic  activity.  A  varying  supply  of  the  gas  was 
postulated,  and  its  influence  on  atmospheric  temperatures  was  sllo^^^l 
to  offer  a  plausible,  but  not  well-sustained,  explanation  of  alU^nating 
dimates.  A  variable  consumption  of  carbon  dioxiile  woidd  obviously 
produce  much  the  same  effect,  and  it  is  therefore  evident  that  supply 
And  loss  must  be  considered  together.  Disregarding  for  the  moment 
the  doubtful  validity  of  Arrhenius's  hypothesis,  we  may  consider  the 

^lQar.G«ologyi  ▼oL  •»  18W,  p.  583.  See  also  memoirs  by  C.  J.  J.  Fox,  Trans.  Faraday  Soc.,  vol.  5, 1909, 
P-Hk  J.flUegBtx,  nib.  WT,  Camcgib  Inst,  of  WasMngton,  1909,-p.  23>'>;  E.  Ktippin,  Zetts(;hr.  anorg.  C!icmi«» 
^18^  1910^  p.  1Z2L  Bappfar  dlscossesespeciiany  the  alkalinity  q£  sea  water.  On  carbon  cyoxide  in  water  of 
t^0iilforilezfeo»sec  R.C.  Wells,  Prof.  Paper  U.  S.  Gcol.  Sur\'cy  No.  120-A,  191S. 
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intorosting  work  of  T.  C.  Chamborlin/  who  has  sought  to  show  that 
the  oc^au  is  tho  primo  agent  in  producing  the  observed  changes. 
The  supplies  of  carbon  dioxide  are  draA^ii  from  tho  storehouse  of  the 
ocean,  they  are  consumed  in  the  decomposition  of  silicates  on  land, 
and  they  are  regenerated  by  the  action  of  lime-secreting  animals, 
which  set  carbonic  acid  free,  as  well  as  by  changes  in  temperature. 

According  to  Chamberlin,  an  important  factor  in  climatio  variar 
tion  is  the  fliictuating  elevation  of  the  land.  During  periods  of 
maximum  elevation,  when  the  largest  land  surfaces  are  exposed  to 
atmospheric  action,  the  (vonsumption  of  carbon  dioxide  in  rock 
weathering  is  great  and  tho  air  becomes  impoverished.  When  depres- 
sion occurs  and  the  oceanic  area  enlarges,  a  smaller  quantity  of  sili- 
cates is  decomposed  and  less  carbonic  a<»id  disappears.  The  first 
change  is  thought  to  pro<Iueo  a  lowering  of  tc>mperature,  which  is 
increased  by  the  consecjuent  greater  absorbability  of  carbon  dioxide  in 
sea  water;  tho  second  causes  a  relative  rise,  intensifie<l  by  a  release  of 
the  gas  from  solution.  Enlargement  of  land  area  implies  a  low  tem- 
perature, wliereas  a  decrease  is  conducive  to  warmth,  both  conditions 
hinging  on  the  variability  produced  in  the  atmospheric  supply  of  car- 
bonic acid  and  its  effectiveness  as  a  retainer  of  solar  radiations. 

Rut  this  is  not  all  of  the  story.  A  depression  of  the  land  is  ao- 
c()mpanie<l  by  an  increased  area  of  shoal  water  in  which  lime-secreting 
organisms  can  flourish,  and  they  liberate  (carbon  dioxide  from  bicar- 
bonates.  A  periotl  of  limestone  formation  is  therefore  correlated 
with  an  enrichment  of  the  atmosphere,  and  consequently  with  tho 
maintenance  of  a  mild  climati\  The  ocean  is  the  great  reservoir  erf 
carbonirj  acid,  and  upon  its  exchanges  ^rith  the  atmosphere  the 
variations  of  climatic  are  supposed  partly  to  depend.  This  ai^ument 
<l<)es  not  exclude  consideration  of  the  volcanic  side  of  the  problem, 
but  the  oceanic,  facrtor  seems  to  be  the  larger  of  tho  two. 

riiamberlin's  theory  is  ingenious,  but  may  perhaps  carry  more 
weight  if  stated  in  somewhat  different  form.  G.  G.  Abbot  and  F.  E. 
Fowle,-  wlio  liave  studied  the  influence  of  t!ie  atmosphere  upon  solar 
radiations  with  gr(»at  care,  show  that  in  the  1  )wer  regions  of  the  atmos- 
]>here  water  vapor  is  present  in  such  quantiti*  s  as  almost  completely  to 
<^xtiuguish  lli(^  radiation  from  the  earth  irnv-pectivc  of  the  presence 
of  carbon  dioxide.  They  therefore  say  that  "it  docs  not  appear 
possible  that  the  presence  or  absence  or  increase  or  decrease  of  the 
carbonic  acid  contents  of  the  air  are  Hkely  to  appreciably  influence 
the  temperatun>  of  the  <»arth*s  surface. 

Water  vapor,  then,  is  the  chief  agent  in  the  atmospheric  regidation 
of  climate,   and   to   tliis  conclusion   Chamberlin's  theory  may  be 

1  Jour.  ( iGoIogy,  vol.  5,  li<07,  p.  (mV,  vol.  ti,  1»08,  pp.  V/J,  (iOO;  vol.  7,  lisM,  pp. 64%  6G7,  7^.    Cbambcritnl 
viows  ure  criticized  by  A.  Kro^h  in  Meddvlelscr  om  Oroi^nland,  vol.  20, 19QI,  pp.  333, 400. 
*  Annals  Astrophys.  Observ.,  vol.  2, 190s,  jip.  172, 175. 
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adjusted.  When  the  area  of  land  surface  increases,  evaporation 
from  the  oceaa  diminishes,  and  vice  versa.  The  climatic  conditions 
may  vary  as  Chamberlin  claims,  but  the  relative  dryness  or  wetness 
of  ttie  atmosphere  may  be  the  true  cause  of  fluctuating  temperatures 
rather  than  the  carbon  dioxide. 

INFLUENCE   OF  lilVING  ORGANISMS  ON  THE  OCEAN. 

One  other  important  factor  in  marine  chemistry  remains  to  be 
considered — ^namely,  the  influence  of  Uving  organisms.  These,  both 
plants  and  animals,  are  almost  incredibly  abimdant  in  the  ocean,^ 
md  their  vital  processes  play  a  great  part  in  its  chemical  activities. 
Ttus  fact  has  already  been  noted  on  what  might  be  called  its  inor- 
ganic side — that  is,  with  reference  to  the  function  of  marine  organ- 
isms in  secreting  phosphate  and  carbonate  of  lime.  Coral  reefs  and 
the  submarine  oozes  are  made  up  of  animal  or  plant  remains,  cal- 
careous or  siliceous,  and  their  aggregate  amount  is  something  enor- 
mous. 

The  living  animals,  however,  do  much  more  than  to  secrete  inor- 
ganic material.  In  developing  they  absorb  large  quantities  of  car- 
bon, hydrogen,  nitrogen,  and  oxygen,  the  principal  constituents  of 
their  soft  tissues.  These  elements,  in  one  form  of  combination  or 
another,  are  released  again  by  decomposition  after  the  organism 
dies,  and  they  are  also  eliminated  to  a  certain  extent  by  the  vital 
pooeases  of  the  living  creatures.  Where  life  is  abundant  there  car- 
bon dioxide  is  abundant  also,  and  its  activity  as  a  solvent  of  calcium 
carbonate  is  greatest.'  The  relations  of  the  ocean  to  carbon  dioxide 
can  not  be  completely  studied  without  taking  into  account  both 
plant  and. animal  life. 

When  marine  animals  die  they  may  become  food  for  others,  the 
scavengers  of  the  sea,  or  they  may  simply  decompose.  The  latter 
fate,  obviously,  most  often  befalls  creatures  whose  soft  parts  are 
protected  by  hard  shells.  Water,  carbon  dioxide,  and  ammoniacal 
salts  are  the  chief  products  of  decomposition,  and  ammonium  car- 
bonate, thus  formed,  acts  as  a  precipitant  of  calcium  compoimds.' 
The  calcium  carbonate  thus  thrown  down  is  in  a  finely  divided  con- 
dition, and  therefore  peculiarly  available  for  absorption  by  coral 
and  shell  builders.  The  ammonium  salts  also,  as  shown  by  Murray 
and  Irvine,  are  food  for  the  marine  flora,  and  on  that  some  portions 
of  tile  fauna  subsist. 

'  Tbt  abundance  oflife  in  the  ocean  is  admirably  stated  by  W.  K.  Brooks,  in  Jour.  Cieology,  vol.  2, 1804, 
9-  ^  lis  ebcmical  aignificanoe  can  hardly  be  exaggerated. 

*8»  W.  L.  Carpenter  in  C.  Wyville  Thomson's  Depths  of  the  soq,  1874,  pp.  502-511.  Where  CO,  was 
■baBdaDt  in  bottom  waters,  the  dredge  brought  up  a  good  haul  of  living  forms.  Where  it  was  dcflcient, 
^  boh  were  poor. 

'8m  J.  Mnrray  and  R.  Irvine,  Proc.  Roy.  Soc.  Edinburgh,  vol.  17, 1889,  p.  89. 

113750*— 19— Bull.  6»5 10 
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But  tliis  18  not  aUr.  Decomposing  oi;gaaic  matter  reducea.iha 
sulphates  of  sea  water  to  sulphides,  which  by  reaction  with  carboai& 
acid  yield  sulphureted  hydrogen.  This  process,  as  shown  by  Murray- 
and  Irvine/  is  particularly  effective  in  bottom  waters  in  contact 
with  ''blue  mud/'  and  by  it  local  changes  are  produced  in  the 
composition  of  the  waters  themselves.  Bacteria  also  assist  in  the 
process,  and  according  to  N.  Androussof/  this  H^  fermentation  is 
especially  conspicuous  in  the  Black  Sea.  Some  of  the  hydrogen 
sfn])hido  passes  into  the  atmosphere  and  is  lost  to  the  ocean;  some 
of  it  reacts  upon  the  iron  silicates  of  the  sea  floor,  to  form  pyrite  or 
marcasite;  and  some  is  reoxidized  to  produce  sulphates  again 
From  all  of  these  considerations  we  see  that  the  biochemistry  of  the 
ocean  is  curiously  complex,  and  that  its  processes  are  conducted 
upon  an  enormous  scale.  The  magnitude  of  their  influence  can  not 
be  expressed  in  any  quantitative  terms,  and  must  long  remain  an 
unmeasured  factor  in  marine  statistics.  In  all  probability  the  cir- 
culation and  distribution  of  carbon  in  the  ocean  is  as  much  influ- 
oncod  by  living  beings  as  by  exchanges  between  the  sea  and  the 

atmosphere. 

AGE  OF  THE  OCEAN. 

The  facts  that  we  can  estimate,  with  some  approach  to  exactness, 
the  absolute  amount  of  sodium  in  the  sea,  and  that  it  is  added  in  a 
presumably  constant  manner  without  serious  losses,  have  led  to  va- 
rious attempts  toward  using  its  quantity  ia  geological  statistics.' 
The  sodium  of  the  ocean  seems  to  furnish  a  quantitative  datum  from 
which  we  can  reason,  whereas  calcium,  magnesium,  silica,  potassium, 
etc.,  are  more  or  less  deposited  from  solution,  and  so  become  ima- 
vailable  for  the  discussion  of  such  problems  as  that  of  geologic  time. 

Nearly  200  years  ago  Edmund  Halley  ^  suggested  that  the  age  of 
the  eardi  might  be  ascertained  by  measuring  the  rate  at  which  rivers 
delivered  salt  to  the  sea.  The  suggestion  was  of  course  fruitless  for 
the  time  being,  because  the  data  needed  for  such  a  computation  were 
imdetermined,  but  it  was  nevertheless  pertinent,  and  it  now  seems 
to  be  approaching  realization.  For  reasons  already  given,  the  method 
proposed  for  estimating  geologic  time  can  as  yet  be  only  applied 
provisionally,  the  datastUl  being  imperfect,  although  rapidly  accumu- 
lating.    The  present  state  of  the  problem  is  worth  considering  now. 

The  first  really  serious  attempt  to  measure  geologic  time  by  the 
annual  additions  of  sodiimi  to  the  ocean  seems  to  have  been  made 'by 

^  Trans.  Roy.  Soc.  Edinburgh,  vol.  37, 1965,  p.  481.    Soe  also  CkalUngtr  Rept.,  Deep^ca  deposits,  Ittl. 
p.  254;  W.  N.  Hartley,  I'roc.  Roy.  Soc.  Edinburgh,  vol.  21, 1807,  r.  25;  and  Murray  and  Irvine,  idem,  p.  85. 

*  Guide  dc8  excursions  du  VII  Cong.  gi^l.  intemat..  No,  29. 

*  Sec,  for  example,  Chapter  I  of  the  present  volume,  where  the  relaUve  volumes  of  the  sedimentary  roeia 
arc  estimated. 

4  Phllos.  Trans.,  vol.  29, 1715^  p.  296.    Bee  an  abstract  in  G.  F.  Becker's  Ago  of  the  earth:  Smtthtnnian 
Misc.  Coll.,  vol.  56,  No.  6, 1910;  also  in  Science,  vol.  31, 1910,  p.  459. 
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J.  Mj '  in  1899.  Ji^jt  with  Murray's  figures  for  rainfall,  run-off,  and 
die  ayerage  composition  of  riyer  water,  combined  witli  Dittmar's 
tnalyses  of  oceanic  salts  and  an  estimate  of  the  mass  of  the  ocean, 
deduced  an  uncorrected  value  for  the  i^e  of  the  ocean  of  97,600,000 
jeais.    The  calciilati<m  is  very  simple,  and  by  the  following  equation : 

Na  in  ocean  .         . 

-X ncf— » — ::; — ^=Age  of  ocean. 

Annual  Na  m  nvers      ^ 

Joly's  data,  however,  were  much  less  satisfactory  than  the  data 
now  at  hand,  as  given  in  this  and  the  preceding  chapter.  With  them 
the  equation  now  becomes 

14,130X10^' 

158,357  X10«    89,^2^,yuu, 

the  crude  age  of  the  ocean  to  which  certain  corrections  are  yet  to  be 
applied.'  The  first  of  these  to  be  studied  tends  to  increase  the  quo- 
tiiait,  others  to  diminish  it. 

A  part  of  the  sodium  found  in  the  dischai*ge  of  rivers  is  the  so- 
called  '*' cyclic  sodium";  that  is,  sodium  in  the  form  of  salt  lifted 
from  the  sea  as  spray  and  blown  inland  to  return  again  to  its  Source 
in  Uie  drainago  from  the  land.^  Near  the  seacoast  this  cyclic  salt  is 
abundant;  inland  its  quantity  is  small.  The  table  given  in  Chapter 
n  illustrates  the  way  in  which  the  amoxmt  falls  off  as  we  recede  from 
the  shore,  and  the  isochlors  of  the  New  England  '^ chlorine  maps'' 
show  tiie  same  thing  most  conclusively.  Joly  estimates  that  the  cor- 
rection for  cyclic  salt  may  be  10  per  cent;  but  Becker  in  his  paper 
on  the  age  of  the  earth  has  discussed  the  isochlor  evidence  mathe- 
matically, and  found  that  6  per  cent  is  a  more  trustworthy  value. 
By  Ackroyd  the  significance  of  the  correction  is  enormously  overesti- 
mated. Adopting  Becker's  figure,  and  deducting  6  per  cent  from  the 
total  river  load  of  sodium,  the  remainder  becomes  148,846,000  metric 
tons,  which,  divided  into  the  sodiiim  of  the  ocean,  gives  a  quotient  of 
M,712,000  years.    Joly's  correction  of  10  per  cent  is  very  nearly 

'taw.  Boy.  Diiblln8oc.,2d8er.,ToL7, 18M,  p.23,  and  wUhlatercorrectloos,  Rept.  British  Assoc.  Adv. 
81,1900; p. aea.  Critiflmdby W. lOckie, Trans. Edinburgh Qedl, Soc., vol.8, 1002, p. 240; and O. Fisher, 
<M.1bf.,  ItOO;  p.  124.  See  also  V.  von  Loadnsld,  ICitt.  K.-k.  geog.  Gcscll.  Wien,  vol.  44, 1901,  p.  74.  He 
diva  p9«  by  B.  raa  Boaar,  Kosmos,  toI.  25,  MOO,  p.  1,  wfaicfa  I  have  not  som.  Related  memoirs  are 
^  B.  Dubois,  FSroe.  Sec  ScL,  Amsterdam  Acad.,  vol.  3, 1901,  pp.  43, 116;  vol.  4, 1902,  p.  888.  The  presi- 
^feUil address  of  W.  J.  SoUas  (Quart.  Jour.  Geol.  Soc.,  vol.  65, 1909,  p.  xli)  Is  mainly  devoted  to  this  theme. 
himn  dfltaUs  see  F.  W.  Clarke,  Smithsonian  Misc.  Coll.,  vol.  56,  No.  5, 1910,  and  G.  F.  Becker,  idem, 

XtLl 

tbew  fignres  differ  £roin  those  given  in  my  Preliminary  study  of  chemical  denudation.  In  that  I  used 
IMelidBta  for  AiiMricaii  livws.  In  whieh  all  Uie  alkalies  were  reckoned  as  sodium  alone.  The  new  compu- 
^■iteli  bnsd  OQ  Palmer's  datermtnatinns  of  potassium,  which  must  be  subtracted  from  the  former  sum. 
flatter  pure  175,040,000  metric  tons  Na  (+ K),  as  agahist  the  158,357,000  Na  now  employed. 

'''or  the  quantities  of  salt  thus  transported  see  the  table  given  in  Chapter  II.  For  a  discussion  of  the 
^riflcaaca  oitbB  cometioa  lor  cycUo  sodium,  see  J.  Joly,  Qeok.  Mag.,  1901,  pp.  344,  604 ;  Chem.  News,  vol. 
^  P- sot' and  BfltU&  Amoc  Report,  1900,  p.  809.  Also  W.  Ackroyd,  GeoL  1^.,  1901,  pp.  445, 65S;  Chcm. 
^wkroLW,  1901,  p.  265;  vol.  84,  1901,  p.  56. 
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equivalent  to  the  assumption  that  the  entire  run-off  of  the  globei 
6,524  cubic  miles,  according  to  Murray,  carries  on  an  average  one  part 
per  million  of  chlorine.  The  chlorine  maps,  so  far  as  the j  have  been 
made,  show  this  figure  to  be  excessive. 

The  foregoing  correction  for  "  cyclic  salt  "is,  however,  not  final.  It 
has  already  been  suggested  that  the  wind-borne  salt  is  only  in  part 
restored  to  the  ocean,  at  least  within  reasonable  time.  Some  of  it  is 
retained  by  the  soil,  if  not  permanently,  at  least  rather  tenaciously; 
and  the  portion  which  falls  into  depressions  of  the  land  may  remain 
undisturbed  almost  indefinitely.  In  arid  regions,  like  the  coasts  of 
Peru,  Arabia,  and  parts  of  western  Africa,  a  large  quantity  of  cyclic 
salt  must  be  so  retained  in  hollows  or  valleys  which  do  not  drain  into 
the  sea.  Torrential  rains,  which  occur  at  rare  intervals,  may  return 
a  part  of  it  to  the  ocean  but  not  all.  Some  writers,  Ackroyd,^  for 
example,  have  attributed  the  saline  matter  of  the  Dead  Sea  to  an 
accumulation  of  wind-borne  salt,  an  assumption  which  contains 
elements  of  truth  but  is  probably  extreme.  A  more  definite  instance 
of  the  sort  is  furnished  by  the  Sambhar  salt  lake  in  northern  India, 
as  studied  by  T.  H.  Holland  and  W.  A.  K.  Christie.*  This  lake, 
situated  in  an  inclosed  drainage  basin  of  2,200  square  miles  and  over 
400  miles  inland,  appears  to  receive  the  greater  part,  if  not  all,  of  its 
salt  from  dust-laden  winds  which,  during  the  four  hot,  dry  months, 
sweep  over  the  plains  between  it  and  the  arm  of  the  sea  known  as  the 
Kann  of  Cutch.  Analyses  of  the  air  during  the  dry  season  showed 
a  quantity  of  salt  so  carried  which  amounted  to  at  least  3,000  metric 
tons  over  the  Sambhar  Lake  annually,  and  130,000  tons  into  Rajpu- 
tana.  These  quantities  are  sufficient  to  account  for  the  accumulated 
salt  of  the  lake,  which  the  authors  were  unable  to  explain  in  any 
other  way. 

Examples  like  this  of  the  Sambhar  Lake  are  of  course  exceptional. 
In  a  rainy  region  salt  dust  is  quickly  dissolved  and  carried  away  in 
the  drainage.  Only  in  a  dry  period  can  it  be  transported  as  dust 
from  its  original  point  of  deposition  to  points  much  farther  inland. 
It  appears,  however,  that  some  salt  is  so  withdrawn,  at  least  for  an 
indefinitely  long  time,  from  the  normal  circulation,  and  should,  if  it 
could  be  estixnated,  be  added  to  the  amount  now  in  the  ocean.  Such 
a  correction,  however,  would  doubtless  be  quite  trivial,  and,  there- 
fore, negligible;  and  the  same  remark  must  apply  to  all  the  visible 
accumulations  of  rock  salt,  like  those  of  the  Stassfurt  r^on,  which 
were  once  laid  down  by  the  evaporation  of  sea  water.  The  saline 
matter  of  the  ocean,  if  concentrated,  would  represent  a  volume  of 
over  4,800,000  cubic  miles;  a  quantity  compared  with  which  all  beds 
of  rock  salt  become  insignificant. 

-    -  ^^^i— 

1  Chem.  News,  vol.  89, 1904,  p.  13.  *  Records  Geol.  Surrey  India,  vol  38, 1900,  p.  IM. 
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But  alihoiigli  the  visible  accumulations  of  salt  are  relatively  insig- 
nificant, it  is  possible  that  there  may  be  quantities  of  disseminated 
salt  which  are  not  so.  The  sedimentary  rocks  of  marine  origin  must 
contain,  in  the  aggregate,  vast  amounts  of  saline  matter,  widely  dis- 
puted, but  rarely  determined  by  analysis.  These  sediments,  laid 
down  from  the  sea,  can  not  have  been  completely  freed  from  adherent 
salts,  which,  insignificant  in  a  single  ton  of  rock,  must  be  quite  appre- 
ciable when  cubic  miles  are  considered.  The  fact  that  their  presence 
is  not  shown  in  ordinary  analyses  merely  means  that  they  were  not 
sought  for.  Published  analyses,  whether  of  rocks  or  of  waters,  are 
rarely  complete,  especially  with  r^ard  to  those  substances  which 
may  be  said  to  occur  in  '^  traces." 

It  is  perhaps  not  possible  to  evaluate  the  quantity  of  this  dissem- 
inated salt,  and  yet  a  maximum  limit  may  be  assigned  to  it.  In 
Ouster  I  it  was  shown  that  84,300,000  cubic  miles  ^  of  the  average 
igneous  rock  would  yield,  upon  decomposition,  all  the  sodium  of  the 
ocean  and  the  sedimentaries.  The  volume  of  the  sandstones  would 
be  approximately  16  per  cent  of  this  quantity,  or  12,645,000  cubic 
miles.  Assume  now  tiiat  the  sandstones,  the  most  porous  of  rocks, 
cmim,  an  average  pore  space  of  20  per  cent,  or  2,529,000  cubic 
mike,  and  that  all  of  it  was  once  filled  with  sea  water,  representing 
118,730,000,000,000  metric  tons  of  sodium.  If  all  of  that  sodium 
were  now  present  in  the  sandstones,  and  chemical  erosion  began  at 
the  rate  assigned  to  the  rivers,  namely,  158,357,000  tons  of  sodium 
annually,  the  entire  accumulation  would  be  removed  in  about  750,000 
years.  This,  compared  with  the  crude  estimate  already  reached  for 
geologic  time  is  almost  a  negligible  quantity.  The  correction  for 
disseminated  salt  is  therefore  small,  and  not  likely  to  exceed  I  per 
cent. 

The  foregoing  calculations,  so  far  as  they  relate  to  the  age  of  the 
ocean,  imply  the  assumption  that  the  rivers  have  added  sodium  to 
the  sea  at  an  average  xmiform  rate,  slight  accelerations  being  offset 
by  small  temporary  retardations.  For  the  moment  let  us  consider 
one  phase  of  this  suggested  variability.  The  present  rate  of  discharge 
has  been  hastened  during  modem  times  by  human  agency,  and  that 
acceleration  may  be  important  to  take  into  account.  The  sewage 
d  cities,  the  refuse  of  chemical  manufactures,  etc.,  are  poured  into 
the  ocean,  and  so  disturb  the  rate  of  accumulation  of  sodium  quite 
perceptibly.  The  change  due  to  chemical  industries,  so  far  as  it  is 
measurable,  is  wholly  modem,  and  that  due  to  human  excretions  is 
limited  to  the  time  since  man  first  appeared  upon  the  earth.  Its 
exact  magnitude,  of  course,  can  not  bo  determined,  but  its  order 
seems  to  be  measiu-able,  as  follows: 

^ _  — ^ ~ 

>  TWs  qaantity,  it  xnuat  be  rexuembered,  is  a  maximum.    The  trae  value  is  probably  very  much  less, 
by  M)  per  cent  or  oven  more.  j 
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According  to  the  best  estimates,  about  14,500,000  metric  tons  of 
common  salt  are  annually  produced,  equivalent  to  5,700,000  tons  ol 
sodium.  If  all  of  that  was  annually  returned  to  the  ocean,  it  would 
amoimt  to  a  correction  of  about  3.25  per  cent  on  the  total  addition  oi 
sodium  to  the  sea.  The  fact  that  much  of  it  came  directly  or  indi- 
rectly from  the  ocean  in  the  first  place  is  inunaterial  to  the  present 
discussion;  the  rate  of  dischaige  is  affected.  AH  of  this  sodium, 
however,  is  not  returned;  much  of  it  is  permanently  fixed  in  manu- 
factured articles.  The  total  may  be  larger,  because  of  other  additions, 
excretory  in  great  part,  which  can  not  be  estimated,  but  we  may 
assume,  nevertheless,  a  maximum  of  3  per  cent  as  the  correction  to 
be  applied.  Allowing  6  per  cent,  as  already  determined,  to  cyclic  oi 
wind-borne  sodium,  and  1  per  cent  to  di^eminated  salt  of  marine 
origin,  the  total  correction  is  10  per  cent.  This  reduces  the 
158,357,000  tons  of  river  sodium  to  142,521,000  tons,  and  the  quo- 
tient representing  crude  geologic  time  becomes  99,143,000  years. 

The  corrections  so  far  considered  are  all  in  one  direction,  and 
increase,  by  a  roughly  evaluated  amount, .  the  apparent  age  of  the 
ocean.  OUier  corrections,  whose  magnitudes  are  more  uncertain, 
tend  to  compensate  the  former  group.  The  ocean  may  have  con- 
tained primitive  sodium,  over  and  above  that  since  contributed  by 
rivers  It  receives  some  sodium  from  the  decomposition  of  rocks  by 
marine  erosion,  which  is  estimated  by  J0I3''  as  a  correction  of  less  than 
6  per  cent  and  more  than  3  per  cent  on  the  value  assigned  to  geologic 
time.  Sodimn  is  also  derived  from  volcanic  ejectamenta,  from 
'^juvenile"  waters,  and  possibly  from  submarine  rivers  and  springs. 
The  last  possibility  has  been  considered  by  SoUas,*  but  no  numerical 
correction  can  be  devised  for  it.  These  four  sources  of  sodium  in  the 
sea  may  be  grouped  together  as  nonfluviatile,  and  reduce  tlie  numera- 
tor of  the  fraction  which  gives  the  ago  of  the  ocean.  Whether  tiiey 
exceed,  balance,  or  only  in  part  compensate  tlic  other  corrections  it 
is  impossible  to  say. 

From  the  foregoing  computations  it  is  to  be  inferred  that  the  age  of 
the  ocean,  since  the  earth  assumed  its  present  form,  is  somewhat  less 
than  100,000,000  years.  If,  however,  any  serious  change  of  rate  in 
the  supply  of  sodium  to  the  sea  has  taken  place  diuing  geologic 
time,  tiie  estimate  must  be  correspondingly  altered.  This  side  of  the 
question  has  been  studied  by  G.  F.  Becker  in  the  memoir  already 
cited,  who  has  shown  that  the  rate  was  probably  greater  in  early 
times  than  now,  and  has  steadily  tended  to  diminish.  When  erosion 
began,  the  waters  had  fresh  rocla  to  work  upon.  Now,  three-fourths 
of  the  land  area  of  the  globe  are  covered  by  sedimentary  rocks  or  by 
detrital  and  alluvial  material,  from  which  a  large  part  of  the  sodium 
has  been  leached.     The  accessible  supply  of  sodium  has  decreased, 

>  rrcsidentiul  address,  Quart.  Joi:r.  CfCol.  Soc.,  May,  1909. 
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and  it  may  be  supposed  that  at  some  remote  time  in  the  future  it  will 
be  altogether  exhausted.  From  considerations  of  this  order  Becker 
has  developed  an  equation  representing  the  supply  of  sodium  to  the 
ocean  during  past  time  by  a  descending  exponential;  and  has  shown 
that  the  age  of  the  ocean,  as  deduced  from  the  data  already  given, 
must  lie  somewhere  between  50  and  70  millions  of  years.  The  higher 
figure,  he  thinks,  is  closer  to  .the  truth  than  the  lower  one.  If  the 
ocean  was  initially  saline  the  estimate  of  its  age  would  be  still  further 
reduced.  Becker's  conclusions  are  fairly  accordant  with  the  results 
derived  from  physical,  astronomical,  and  paleontological  evidence, 
although  the  study  of  radioactivity  among  minerals  has  led  to 
much  higher  figures  for  the  age  of  the  earth.  The  latter  line  of 
evidence  will  be  considered  in  another  chapter,  but  it  seems  that  the 
rate  of  chemical  erosion  offers  a  more  tangible  and  definite  mode  of 
attack  upon  the  problem  of  geologic  time.  The  problem  can  not  be 
regarded  as  definitely  solved,  however,  irntU  all  available  methods  of 
estimation  shall  have  converged  to  one  common  conclusion.^ 

>  For  pvsistaiit  criUcisms  of  Uie  chenilaJ  method  of  oomputiiig  geological  time,  see  H.  S.  Shelton,  Chem. 
K«n,  Td. »,  1909,  p.  25},  vol.  102, 1910,  p.  75;  vol.  112, 1915,  p.  85;  Jour.  Geology,  vol.  18, 1910,  p.  190;  Sci. 
l*ncress,  vol.  9, 1914,  p.  55.  The  criticisms  are  based  upon  a  belief  tliat  the  analyses  of  rivor  waters  are 
iiamntt, especially  in  the  determination  of  Na  and  SO4;  that  is,  the  skill  and  accuracy  of  many  reputable 
Aioists  are  questioned.  On  this  subject,  see  the  rejoinder  by  R.  B.  Dole,  Chem.  News,  vol.  103, 1911, 
P-  itt.  Mr.  Shelton  also  claims  that  he  has  found  a  discrepancy  between  the  SO  4  determinations  in  waters 
ud  Um  amoonts  found  in  Igneous  rooks.  In  maldng  this  claim  he  has  compared  the  mean  percentage 
of  S  in  the  grMt  masa  of  ij;nooiis  rocks  with  that  of  the  soluble  matter  leached  from  a  thin  film  of  surficial 
diposits.  The  two  quanUties  are  not  commensurable. 


CHAPTER  V. 

THE  WATERS  OF  CLOSED  BASINS- 
PRELIMINARY  STATEMENT- 

In  dealing  with  the  ocean  and  its  tributary  rivers  we  have  studied 
the  hydrosphere  in  its  larger  sense,  the  waters  all  forming  part  of 
one  great  system  of  circulation  which  can  be  treated  as  a  imit. 
But  on  all  the  continents  there  are  isolated  areas  from  which  the 
drainage  never  reaches  the  sea.  Streams  originate  in  the  higher 
portions  of  such  areas,  resembling  in  all  respects  those  tributary  to 
the  ocean.  Their  waters  gather  in  depressions  and,  ultimately,  by 
the  concentration  of  their  saline  constituents  form  salt  or  alkaline 
lakes  or  even  dry  beds  of  solid  residues.  The  latter  condition  is 
developed  in  small  areas  of  great  aridity,  where  evaporation  is  so 
rapid  that  no  large  body  of  water  can  accumulate;  but  the  more  im- 
portant closed  basins  are  characterized  by  the  formation  of  permanent 
reservoirs,  such  as  the  Caspian,  the  Great  Salt  Lake,  and  the  Dead 
Sea.  Each  basin  exhibits  individual  peculiarities  of  more  or  less 
local  origin,  and  therefore  each  one  must  be  studied  separately. 
No  such  uniformity  as  that  shown  by  the  ocean  is  manifested  here, 
although  in  some  lakes  we  can  recognize  a  curious  approximation 
in  chemical  character  to  that  of  the  open  sea. 

THE  BONNEVILLE  BASIN. 

To  American  students  the  most  accessible  and  therefore  the  most 
interesting  of  these  isolated  regions  is  that  known  as  ''the  Great 
Basin"  in  the  western  part  of  the  United  States.  This  area  is  fully 
described  in  two  monographs  of  the  Geological  Survey,^  in  which  it 
is  represented  as  having  been  formerly  the  seat  of  two  great  lakes 
Bonneville  and  Lahontan,  of  which  only  the  remnants  now  exist. 
The  Great  Salt  Lake  of  Utah  is  the  chief  remainder  of  Lake  Bonneville 
and,  with  its  accessory  waters,  may  well  occupy  our  attention  first. 

The  water  of  Great  Salt  Lake  has  been  repeatedly  analyzed — on 
the  whole  with  fairly  concordant  results,  except  in  regard  to  salinity. 
The  latter  varies  with  changes  in  the  level  of  the  lake,  but  is  always 
several  times  greater  than  that  of  sea  water.  An  early,  incomplete 
analysis  by  L.  D.  Gale  and  a  questionable  one  by  H.  Bassett  are 
hardly  worth  reproducing.'  The  other  available  data,  expressed  in 
percentages  of  total  radicles,  are  as  follows: 

iG.  K.  Gilbert,  Lako  Bonneville:  Mon.  U.  S.  Geol.  Survey,  voL  1,  1880     I.  C.  Russell,  The  geologioal 
history  of  Lake  Lahontan:  Mon.  U.  S.  Geol.  Survey,  vol.  11, 1885. 
s  They  are  cited  in  Gilbert's  monograph.    Bassett's  analysis  is  very  high  in  potassiom. 
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AnalyHS  of  water  from  Great  Salt  Lake. 

A.  By  O.  D.  Allen,  Rcpt.  U.  8.  OeoL  ExpL  40th  Par.,  vol.  2, 1877,  p.  433.  Water  oolloCted  in  1880.  A 
tnn  of  boric  acid  is  also  reported,  in  addition  to  the  substances  named  in  the  table.  Allen  also  gives 
anilTses  of  a  saline  soil  from  a  mud  flat  near  Great  Salt  Lake.  It  contained  16.40  per  cent  of  soluble  matter 
moch  like  that  of  the  lake  water. 

B.  By  Oiarles  Smart.  Cited  in  Resoorccs  and  attractions  of  the  Territory  of  Utah,  Omaha,  1879. 
ALilysis  made  in  1877. 

C.  By  E.  von  Gocfaenhausen,  for  C.  Ochsenlu:},  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  34,  1882,  p.  359. 
Simple  collected  by  Ochsenius  April  16, 1879.  Oclisenius  also  gives  an  analysis  of  the  salt  manufactured 
Irom  the  vater  of  Great  Salt  Lake. 

D.  By  J.  E.  Talmage,  Science,  voL  14,  18S9,  p.  445.  Collected  in  1889.  Ananalys  is  of  a  sample  taken 
in  1885  is  also  given. 

L  By  E.  Waller,  School  of  Mines  Quart.,  vol.  14, 1892,  p.  57.    A  trace  of  boric  acid  is  also  reported. 
F.  By  W.  Blum.    Collected  in  1904.    Recalculated  to  100  per  cent.    Reported  by  Talmage  in  Scottish 
G«e.  Iftg.,  voL  20,  1904,  p.  424.    An  earlier  paper  by  Talmage  on  the  lake  is  in  the  same  journal,  voL  17, 

m,  p.  617. 

Q.  By  W.  C.  Ebaogfa  and  K.  Williams,  Chem.  Zeltung,  vol.  32, 1908,  p.  409.    Collected  in  October,  1907. 
H.  By  R.  K.  Bailey,  in  the  laboratory  of  the  U.  S.  Geological  Survey.    Sample  collected  by  H.  S.  Gale, 
October  24,  1913. 
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a  More  correctly,  230.355  grams  per  liter. 

Although  the  salinity  of  the  lake  is  very  variable  and  from  four  to 
seven  times  as  great  as  that  of  the  ocean,  its  saline  matter  has  nearly 
thesame  composition.  The  absence  of  carbonates,  the  higher  sodium, 
and  the  lower  magnesium  are  the  most  definite  variations  from  the 
oceanic  standard ;  but  the  general  similarity,  the  identity  of  type,  is 
mumstakable.  Gilbert  estimates  the  quantity  of  sodium  chloride 
contained  in  the  lake  at  about  400  millions  and  the  sulphate  at  30 
niillions  of  tons. 

For  the  waters  tributary  to  Great  Salt  Lake  many  analyses  are 
available.'  The  following  table  relates  to  some  of  the  streams,  except 
that  Sevier  Lake,  an  outlying  remnant  of  Lake  Bonneville,  is  included 
tt  a  matter  of  convenience.     The  analyses  are  all  reduced  to  standard 

ihaddttkHi  to  tbe  data  given  here,  see  analyses  by  J.  T.  Kingsbury,  of  City,  Red  Butte,  Farmington, 
^^■fpition,  Parieys,  Big  Cottonwood,  and  Little  Cottonwood  creeks,  cited  by  O.  B.  Richardson  in  Watcr- 
Bqp^  Piper  U.  S.  OeoL  Survey  No.  157, 1900,  p.  30;  analyses  made  in  1882  and  1884.  Field  Operations 
^•Scib,  U.  8.  Dept.  Agr.,  1903,  p.  1138,  contains  analyses  of  Provo  River,  Spanish  Fork,  American  Fork 
*^  ^1  PajsoQ,  Santaquin,  Currant,  and  Warm  creeks,  but  the  analyst  is  not  named.  Other  analyses 
of^^iiit  Salt  Late,  complete  and  partial,  are  given  by  W.  C.  Ebaugh  and  W.  Macfarlane  in  Science,  vol. 
^UUk  p.  Sas.  See  also  other  analyses  oT  Utah  waters,  by  J.  E.  Greaves  and  C.  T.  Uirst,  hi  Bull.  163,  Utah 
^.OqB.  Ezp.  fltatioo,  1918. 
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form,  with  bicarbonate  radicles  recalculated  .to  normal  CO,.    SaUnity 
is  stated  in  parts  per  million. 

Analyses  of  waters  tributary  to  Greats  Salt  Lake, 

A.  Bear  RiTer  at  Evanston,  Wyoming.    Analysis  by  F.  W.  Clarke,  BulL  U.  6.  OeoL  Survey  No.  % 
1884,  p.  80. 

B.  Bear  River  at  Corinne,  Utah,  near  its  mouth.    Analysis  received  from  the  Soathem  Padfie  Railroad. 

C.  Jordan  River  at  intake  of  Utah  and  Salt  Lake  canal.    Analysis  by  F.  K.  Cameron,  Rept.  No.  ^, 
Bar.  800s,  U.  B.  Dept.  Agr.  1000,  p.  106. 

D.  Jordan  River  near  Salt  Lake  City.    Analysis  by  Cameron,  loc.  cit. 

E.  City  Creek,  Utah.    Analysis  by  T.  M.  Chatard,  Bull.  U.  B.  Oeol.  Survey  No.  9, 1884,  p.  29. 

F.  Ogden  River  at  Ogden,  Utah. 

G.  Weber  River  at  mouth  of  canyon.    Analyses  F  and  G  made  under  the  direction  of  F.  K.  Cameron, 
Field  OperatiODS  Div.  Soils,  U.  S.  Doi>t.  Agr.,  1900,  p.  238. 

H.  Sevier  Lake.    Analysis  by  Oscar  Loew,  Rept.  U.  S.  Geog.  Surveys  W.  lOOth  ICer.,  voL  3, 1875,  p.  114. 
Sample  taken  in  1872. 


CL. 
SO4. 

COf 
Na.. 
K.., 
Oa.. 


(AlK)A. 


Salinity,    parts    per 
million 


} 


2.68 

5.76 

52.63 

4.49 


23.69 
6.86 
3.84 


} 


100.00 
185 


B 


32.36 

8.16 

21.53 

20.54 


10.12 
4.76 


2.53 


100.00 
637 


J 


35.54 

26.54 

2.67 

26.13 


7.59 
1.53 


100.00 
892 


34.76 
30.68 
Trace. 
23.04 


} 


10.26 
1.26 


100.00 
1,090 


E 


} 


5.38 

2.87 

52.57 

3.74 


24.19 

7.15 

3.69 

.41 


100.00 
243 


23.21 
5.65 

33.68 

11.31 
4.16 

16.06 
5.94 


100.00 
444 


13.73 
9.25 

40.00 
8.37 
4.19 

18.19 
6.27 


100.00 
455 


H 


52.66 
10.88 


33.33 


.12 
3.01 


100.00 
86,400 


Utah  Lake,  at  the  head  of  Jordan  River,  has  furnished  material  for 
a  most  instructive  series  of  analyses,  as  follows: 

Analyses  0/ water  from  Utah  Lake  a 

A.  By  F.  W.  Clarke,  BulL  I'.  S.  GeoL  Survey  No.  9, 1884,  p.  20. 

B.  By  P.  K.  Cameron,  1899. 

C.  By  B.  E.  Brown,  1903. 

D.  Moan  of  three  analyses  by  A.  Seidell,  1904.    Samples  taken  in  May. 

E.  By  B.  E.  Brown,  1904.    Collected  August  31.    For  analyses  B,  C,  D,  and  E,  see  F.  K.  Camiwon,  Jour. 
Am.  Chem.  Soc.,  toL27,  190S,  p.  113.   All  are  here  reduced  to  terms  o(  normal  carbonaties. 


1       ^ 

B 

C 

D 

£ 

CI 

4.04 
42.68 
19.88 

35.48 

26.53 

2.66 

26.23 
28.49 
10.23 

24.75 

28.25 

12.35 

.06 

18.19 

2.17 

5.90 

.15 

6.18 

2.00 

26.87 

BO* 

30.14 

00. 

8  48 

Li 

Na 

1     5.81 
18.24 

1  26.20 

7.58 

19.28 
2.34 
6.25 

18.34 

K 

1.75 

c^ 

5  34 

Sr 

Mg 

6.08 
3.27 

1.55 

7.18 

6.85 

Sit), 

2.23 

■^•'^S"  ••••••••-•••••--- 

Salinity,  parts  per  million 

100.00 
306 

100.00 
892 

100.00 
1,281 

100.00 
1,165 

100.00 
1,254 

a  See  also  Qieaves  and  Hirst,  op.  dt. 
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Althou^  tJie  forgoing  analyses  are,  in  one  respect  or  another, 
inoomplete,  they  tell  an  intelligible  story.  Bear  River  at  Evanston 
JB  a  nmnal  river  water,  which  upon  evaporation  would  yield  mainly 
ealdiuDi  carbonate,  and  so,  too,  is  City  Creek.  Bear  River,  near  its 
mouth,  has  changed  its  character  almost  completely  and  has  evidently 
tiikea  up  large  quantities  of  sodium  chloride  from  the  soiL  Utah 
Lake,  m  the  20  years  intervening  between  the  earliest  and  latest 
analyses,  has  undergone  a  thorou^  transformation,  and  its  salinity 
has  more  than  quadrupled.  From  a  fresh  water  of  the  sulphate  type 
it  has  become  distinctly  saline,  and  this  change  is  probably  a  result 
of  irrigation.  Its  natural  supplies  of  water  have  been  diverted  into 
irrigating  ditches,  and  at  the  same  time  salts  have  been  leached  out 
from  the  soil  and  washed  into  the  lake.  To  some  extent  these  salts 
haye  been  brought  to  the  surface  as  a  result  of  cultivation,  so  much 
90  that  considerable  areas  of  land  bordering  upon  the  lake  have 
ceased  to  be  available  for  agriculture.  Its  outlet,  Jordan  River, 
exhibits  the  same  peculiarities.  As  for  Sevier  Lake,  which  is  now 
reduced  to  a  mere  pool  in  consequence  of  irrigation  along  its 
aourcee,  its  water  resembles  that  of  Great  Salt  Lake,  except  that  at 
the  time  the  analysis  was  made  it  was  only  about  half  as  saline. 

AH  the  waters  tributary  to  Great  Salt  Lake,  so  far  as  they  have 
been  examined,  contain  notable  quantities  of  carbonates,  which  are 
absent  from  the  lake  itself.  These  salts  have  evidently  been  pre- 
cipitated from  solution,  and  evidence  of  this  process  is  found  in  beds 
of  oolitic  sand,  composed  mainly  of  calcium  carbonate,  which  exists 
at  various  points  along  the  lake  shore.*  The  strong  brine  of  the  lake 
seems  to  be  incapable  of  holding  calcium  carbonate  in  solution. 

THE  liAHONTAN  BASIN. 

The  Quaternary  Lake  Lahontan,  which  once  covered  an  area  of 
8,400  square  miles  in  northwestern  Nevada,  is  now  represented  by  a 
number  of  relatively  small,  scattered  sheets  of  water  and  many 
tikalbe  or  saline  beds.  Listead  of  one  large  basili  there  are  now 
several  basins,  and  each  one  is  fed  by  independent  sources  of  fresh 
water.  Each  lake,  therefore,  has  its  own  individjaial  peculiarities,  as 
the  Tarious  analyses  show.  Some  of  the  lakes  exist  only  during  the 
humid  season,  when  large  areas  are  covered  by  a  thin  layer  of  water; 
others  are  permanent  sheets  of  considerable  depth.  Our  data  relate 
o&ly  to  tiie  latter,  with  their  sources  of  supply. 

In  the  statement  of  some  analyses  precision,  in  a  certain  sense,  has 
been  sacrificed  to  uniformity.  In  atrongly  alkaline  waters  the  radicle 
SK),  may  possibly  exist  instead  of  the  colloidal  SiOj.  In  no  case, 
h<Mre7er,  is  the  siUca  high  enough  to  cause  a  serious  error  in  this 


by  R.  W.  Woodward,  dtcd  In  Kept.  U.  S.  Geol.  Expl.  40lh  Par.,  vol.  2, 1877,  p.  435.    Also 
aioilyiilbj  T.  M.  Cbatard,  in  BuU.  U.  S.  Geol.  Survey  No.  228, 1904,  p.  331. 
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respect,  and  a  fraction  of  1  per  cent  will  cover  the  uncertainty.  A 
graver  criticism  might  be  based  upon  the  representation  of  all  the 
carbonates  as  normal,  for  bicarbonates  are  undoubtedly  present  in 
some  of  the  waters,  which  on  evaporation  deposit  trona  in  large 
quantities.  If,  however,  we  regard  the  analyses  as  representing  the 
percentage  composition  of  ignited  residues,  the  suggested  objection 
no  longer  holds.  We  can  compare  our  data  upon  the  uniform  basis 
adopted  hitherto  and  leave  the  question  of  bicarbonates  for  separate 
consideratici^n  later.  The  divergent  character  of  the  analyses  seems 
to  render  some  such  procedure  necessary.  It  is  only  by  eliminating 
variables  that  we  can  obtain  comparable  results. 

In  the  next  table  two  groups  of  analyses  appear.  Lake  Tahoe,  a 
typical  mountain  lake  of  great  purity,  empties  through  Truckee 
River,  which  terminates  in  Winnemucca  and  Pyramid  lakes.  These 
waters  are  included  in  the  first  group.  The  second  comprises 
Walker  River  and  Walker  Lake.  The  individual  analyses,  which, 
except  when  otherwise  stated,  are  recalculated  from  the  laboratory 
records  of  the  Survey,  are  as  follows: 

Analyses  of  Lahontan  waters — /. 

A.  Lake  Tahoe,  California.    Analysis  by  F.  W.  Clarke. 

B .  Trucked  River,  Nevada.    Mean  of  two  oonoordant "  boiler-water  analyses  "  reoolved  fh>m  the  South- 
ern Pacific  Railroad. 

C.  Pyramid  Lake,  Nevada.    Mean  of  four  concordant  analyses  by  Clarke. 

D.  Winnemucca  Lake,  Nevada.    Analysis  by  Clarke. 

E.  Walker  River,  Nevada.   Analyses  by  Clarke. 

F.  Walker  Lake,  Nevada.    Mean  of  two  analyses  by  Clarke.    Foranalyses,  A,C,  D,  £,andF,8eeBulL 
U.  S.  Geol.  Survey  No.  9, 1884. 


A 

B 

C 

D 

£ 

F 

01 

3.18 

7.47 
38.73 
10.10 

4.56 
12.86 

4.15 
18.95 

7.59 

12.87 

33.30 

1  17. 26 

11.02 
3.49 

}  14. 47 

41.04 

5.25 

14.28 

33.84 

2.11 

.25 

2.28 

.95 

47.88 

3.76 

7.93 

36.68 

1.94 

.65 

.49 

.77 

7.50 

16.14 

30.34 

1  18.07 

12.96 

2.21 

12.78 

23.77 

so. 

21.29 

00, 

17.34 

Na 

1    34.83 
.90 

K 

Ca 

Mg 

1.56 

SiOo 

.31 

(ALFe)oOa 

V"***) *  ^/a'«-'3» ••••••••••••••••••• 

Salinity,  parts  per  million 

100.00 
73 

100.00 
153 

100.00 
3,486 

100.00 
3,602 

100.00 
180 

100.00 
2,500 

The  changes  shown  by  these  waters  *  are  elaborately  discussed  by 
Russell  in  his  work  on  Lake  Lahontan.  Ordinary  fresh  waters  rich 
in  carbonates  and  in  calcium  are  concentrated,  and  the  lime  salts  are 
finally  thrown  out  in  the  form  of  tufa.  The  tufa,  however,  instead  of 
being  an  oolitic  or  granular  deposit,  as  in  the  Bonneville  basin,  is 
in  the  form  of  crystals,  '^thinolite,''  pseudomorphous  after  some 
unknown  mineral,  which  may  have  been  a  calcium  chlorocarbonate. 

ifixo^t  that  of  analysis  B ,  wblch  is  more  recent. 
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This  peculiar  variety  of  tiifa  is  characteristic  of  the  Lahontan  basin; 
but  the  mode  of  its  formation  is  uncertain.  ^ 

Four  more  analyses  of  Lahontan  waters  remain  to  be  considered, 
asfoDows: 

Analyses  of  Lahontan  waters — //. 

6.  Hambcddt  RiTer,  Nevada.    AnalyslB  by  T.  M.  Chatard. 

EHomboldt  Lake,  Nevada.  Analysis  by  O.  D.  Allen,  Kept.  U.  S.  Oeol.  Expl.  40th  Par.,  vol.  2, 
1577,  p.  743. 

I.  The  large  Soda  ZA\e,  Ragtown,  Nevada.    Surface  sample.    Analysis  by  Chatard. 

I  Itw  large  Soda  Lake,  sample  from  a  depth  of  30.5  meters.  Anal]^  by  Chatard.  For  these  analyses 
of Chatard's  see  Bull.  17.  S.  Oeol.  Survey  No.  9,  1884.  An  earlier  analysis  of  Soda  Lake  by  O.  D.  Allen 
isgNwin  tbe  Fortieth  Parallel  report,  vol.  2, 1877,  p.  748.  It  is  less  complete  than  Chatard's,  but  other- 
viMSOt  very  dlfTerent.    This  water  contains  bicarbonates.    Specific  gravity,.  1.101. 


G 


a... 

S0<... 

'A 

K.... 
Ca... 

SiO,. , 


Salinity,  parts  per  million. 


2.19 
13.92 
39.55 


13.63 
2.92 

14.28 

3.62 

9.51 

.38 


100.00 
361 


3L82 

3.27 

2L57 

.07 


29.97 
6.54 
L35 
L88 
3.53 


100.00 
929 


36.51 
10.36 
ia78 


.25 

36.63 

2.01 


.22 

.24 


100.00 
113,  700 


35.38 
10.50 
15.89 


.26 

35.38 

2.13 


.21 
.25 


100.00 
113, 700 


The  first  two  of  these  analyses  show  the  change  from  river  to 
lake  water  very  clearly.  There  is  a  concentration  of  chlorides  and 
a  relative  loss  in  silica,  magnesium,  and  calcium.  The  water  of  Soda 
Lake  is  more  than  three  times  as  concentrated  as  sea  water,  and  of 
an  entirely  different  type.  It  has  no  visible  supply  of  water  except 
from  springs  near  its  margin,  and  at  certain  times  it  deposits  trona 
and  also  gaylussite  in  notable  quantities.  Gaylussite  is  a  carbonate 
of  calcium  and  sodium,  but  no  calcium  is  shown  by  Chatard's  analy- 
ses. It  must,  therefore,  be  deposited  by  the  lake  about  as  rapidly 
as  it  is  received.    The  tributary  springs  have  not  been  investigated. 

The  Lahontan  waters,  then,  are  distinctly  alkaline,  whereas  the 
lakes  of  the  Bonneville  basin  are  salt.  The  cause  of  the  difference  must 
be  sought  in  the  sources  from  which  the  waters  are  derived,  and 
one  distinction  is  clear.  Great  Salt  Lake  is  fed  by  streams  and 
springs  which  flow  in  great  part  through  sedimentary  formations. 
Its  saline  matter  is  a  concentration  of  old  salts  which  were  laid  down 
long  ago.  The  Lahontan  lakes,  on  the  other  hand,  are  supphed  with 
water  from  areas  of  igneous  rocks,  in  which  rhyolites  and  andesites 
are  especially  abimdant  and  from  which  the  alkalies  may  bo  obtained. 
They  represent,  therefore,  a  primary  concentration  of  leached  mato- 

iStediseossfon  by  E.  S.  Dana,  in  Bull.  U.  S.  Oeol.  Sun^ey  No.  12, 1884.  Calcite  pseudoraorphs,  simi- 
hrtotldAaUte  and  called  psoudogayltusite,  have  been  discussed  by  F.  J.  P.  von  Call:cr  (Zcitsclir.  Kr^-st. 
IChL.ToLfl^  1897,  p.  566)  and  C.  O.  Trechmann  (idem,  vol.  35,  1902,  p.  283).  The  Australian  glendonite 
Meitepseotloaiorpboas  after  glaaberite  and  sometimes  forms  crystals  15  tc  20  indies  long.  See  T .  YT •  S« 
fiwH,  S«.  0«l.  Survey  New  South  Wales,  vol.  8, 1905,  p.  102. 


158 


DATA  OF  GEOC'HEMISTBT. 


rial,  as  contrasted  with  the  secondary  origin  of  the  Bonneville  brine. 
The  difference  is  easily  recognized,  but  it  does  not  explain  all  of  the 
phenomena.  To  account  for  the  large  amounts  of  chlorine  in  the 
waters,  particularly  in  that  of  Great  Salt  Lake,  is  not  so  easy  a 
matter.  So  far  as  I  am  aware,  no  plausible  solution  of  the  latter 
problem  has  yet  been  suggested.  The  cosmological  speculations, 
whi(»h  help  us  in  the  case  of  the  ocean,  hardly  seem  to  be  applicable 
here. 

LAKES   OF  CALIFORNIA. 

In  California  there  are  a  number  of  alkaline  lakes  having  a  general 
resemblance  to  those  of  the  Lahontan  basin.  The  foUowihg  analyses 
are  available,  and  in  them,  as  usual,  bicarbonates,  if  reported,  have 
been  reduced  to  normal  form. 

Analyses  of  water  from  alkaline  lales  in  California. 

A.  Mono  Lake.  AnAlysls  by  T.  M.  Chatard,  Bull.  U.  B.  Geol.  Surrey  No.  60,  1890,  p.  63.  Sompla 
tekon  in  1883.  SjMCiOo  gravity,  1.015.  ^Vn  Improbable  analysis  of  Mono  Lake  water »  by  WinskMr  Andecr 
•on,  is  given  in  his  Mineral  springs  and  health  resorts  of  California,  San  Fnmoiflco,  1892,  p.  196.  In  it  Ihi 
calcium  salts  predominate  over  all  others. 

B.  Ovens  Bivor  at  Charlies  Butte.  Mean  of  30  ten-day  composite  samples,  taken  between  DeccmlNr 
31,1907,  and  December  31, 1908.  Average  anab-sis  by  W.  Van  Winkle  and  F.  M.  Eaton,  Water-Supply 
Paper  17.  S.  Geol.  Survey  No.  237,  p.  121.  A  similar  annoal  average  is  given  for  the  water  at  Round  Vaiky 
Cnther  npstream. 

C.  Oirens  La!ce.  Analysis  by  Chatard,  op.  oit.,  p.  58.  Specific  gravity,  1.062.  For  an  early  analysis 
of  Owens  Lake  see  0.  I^oew,  Ann.  Rept.  Geog.  Sur\'eys  W.  100th  Mer.,  1876.  p.  190. 

I>.  Owens  Lake.  Analvsis  by  C.  H.  Stone,  cited  by  W.  T.  Lee  in  Water-Supply  Paper  U.  S.  GeoL 
Survey  No.  181, 1906,  p.  22.    Sample  taken  in  August,  1905. 

E.  Owens  Lake.  Auah-sis  by  W.  B.  Hicks  in  the  laboratory  of  the  U.  S.  Geological  Survey.  Specific 
gravity,  1.0077.    An  analjrsls  by  J.  G.  Smith  is  given  in  Boll.  Dept.  Agr.  No.  61, 1914,  p.  80. 

F.  Black  liake,  near  Benton,  Mono  County.    Anal>'8is  by  Loew,  op.  dt.,  p.  191. 

G.  Tulare  Ixike  in  1883.  Ana!>'sis  by  E.  W.  Hilgard,  Appendix  to  Rept.  Univ.  GaUfomia  Exper.  Sta., 
1900.  This  lake  has  an  outlet  during  floods,  but  not  at  other  times.  An  anal>'sis  of  water  collected  in 
1880  is  also  given. 

H.  Borax  Lake.  Analysis  by  W.  H.  Melville,  published  by  G.  F.  Becker  in  Mon.  U.  8.  Ged.  Survey, 
TOl.  13,  ISSS,  p.  2yi.  In  addition  to  the  substances  named  in  the  table,  the  original  residue  contained  4  5 
percent  of  organic  matter. 


A 

B 

C 

D 

£ 

F 

G 

H 

CI 

23.34 

9.49 

25.67 

24.82 

25.40 

7.68 
Trace. 
Trace. 
13.24 
87.73 
Traca 
Trace. 

20.26 

32.27 

Br 

.04 

I 

SO. 

12.86 
23.42 

15.53 
29.84 

9.95 
32.51 

9.93 

24.55 

.11 

.14 

.45 

.03 

38.09 

1.62 

Trace. 

.02 

.01 

.14 

.04 

9.89 
22.70 

**i.*89* 

20.77 
19.55 

.13 

CO, 

22.47 

P04 

.02 

BA 

.32 

"".'48* 

.48 

6.05 

NO. 

t .  ^ 

Li 

*37.'83' 
2.09 

Trace. 

39.05 

2.03 

'S5."79' 
2.44 

Na 

37.93 
1.85 

U9. 83 

37.83 
2.18 

88.10 

K 

L52 

Rb,  Cs 

Ca 

.04 
.10 
.14 

Trace. 

Trace. 

8.92 

3.45 

12.37 

"V69' 

"'V62* 
.01 
.29 
.04 
.02 

.28 
.26 
.65 

.03 

Mg 

.35 

SiOj 

.20 

.27 

.01 

ALOa 

FeaOs 

.01 

MnoO, 

ASjOa 

.05 

^•MJ-k.'g      *..•.........■. 

Salinity,    parts    per 
million 

100.00 
51, 170 

100.00 
339 

100.00 
72,700 

100.00 
213,700 

100.00 
118,830 

loaoo 

18.500 

100.00 
4,910 

100.00 
76,660 
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UkeSoda  Lttke,  OweaB^a]ld  Mono  lakes  both  yield  trona  on  evapo- 
ntioii,«adtttOin^iB  Laleeitiias  been  prepared  on  a  commercial  scale.' 
Soda  IiiJce  was  also  utilized  at  one  time  for  the  same  purpose.  Borax 
Lake,  according  to  Becker;  derives  its  boron  from  neighboring  hot 
springs.    It  deposits  some  calcareous  sinter. 


NOBTHERN  LAKES. 

The  region  of  alkaline  lakes  continues  northward  from  Nevada  and 
Caiifomia,  and  a  number  of  the  waters  have  been  analyzed.  The 
more  important  analyses  are  given  in  the  following  tables.  Those 
made  by  W.  Van  Winkle  are  recalculated  from  the  figures  published 
in  Water-Supply  Paper  No.  363,  1914,  with  bicarbonates  reduced  to 
normal  salts. 

Analytes  of  water  from  fiorthern  alkaline  lakei. 

A.  fiumaur  Lake,  Ongan.  Analyils  by  Van  Winkle,  who  cites  two  other  stnalyses,  Spedfic  gravity, 
LIffiatU*. 

B,  Am  Rivw,  a  foeder  of  Summer  Lake.   Van  Winkle,  axiBlyst.    One  other  analysis  is  cited. 

C  Abert  Lake,  Oiegon.  Analysis  by  T.  M.  Chntaid,  U.  S.  Geol.  Survey  Bull.  No.  60, 1800,  p.  55.  An 
odertDslyab  1^  F.  W.  Taykir  it  nol  in  aoconl  with  this.   Specific  gravity  1.03117,  at  19.8". 

n.  Abert  Lake.    Analysis  by  Van  Winkle,  who  cites  other  analyses.   Sample  taken  in  Febniary,  1912. 

K.  OwwaBcan  River,  the  chief  fseder  of  Abert  Lake.  Van  Winkle,  analyst.  Average  of  37  analyses  ^f 
MBposlte  samples  of  water,  taken  between  August  11, 1911,  and  August  14, 1912. 

F.  Htmey  Lake,  Oregon.  Analysis  hy  O.  Steiger  in  the  laboratory  of  the  U.  S.  Geological  Survey. 
tel>ie  taken  August  5, 1902. 

0.  HuDBy  Lake.    Van  Winkle,  analyst.   Collected  March  10, 1912.    Speclflo  gravity,  1.0209. 

H.  MsDaar  Lake,  Oregon.  Van  Winkle,  analyst.  An  analysis  of  Silver  Lake,  in  the  same  general 
i(iaB,  is  abo  given  and  one  of  Donner  and  BUtien  River,  a  feeder  of  Malheur  Lake. 
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'8iiQiatanl*s  memoir  on  "natural  soda"  in  Bull.  U.  S.  Geol.  Survey  No.  60, 1890.    The  nature  of  the 
Pvloet  wm  be  considered  later  in  the  chapter  on  saline  residues. 
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Analy»e$  of  water  from  northern  alkaline  lake$ — Continued. 

I.  SilTteB  RlTer,  the  chief  iBeder  of  Malheur  Lake.  Van  Winkle,  analyst.  Avefage  of  8S  aaalTwi  tf 
composite  samples  of  water,  collected  between  October  12, 1911,  and  August  14, 1102 

J.  PeUoan  Lalce,  Ongon.    Van  Winkle,  analyst. 

K.  BliNjoint  Lake,  Oregon.  Van  Winkle,  analyst.  Pelican  and  ShMtfoint  lakes  are  in  the  Warav 
Lake  basin.   Analyses  are  also  given  of  Crump,  Hut,  and  Flagstaff  lakes,  all  In  the  aame  group. 

L.  Silver  Lake,  in  Christmas  Lake  basin,  Oregon.    Analysis  by  Van  Winkle. 

M.  Soap  Lake,  Washington.  Analysis  by  George  Steiger,  U.  8.  Geol.  Survey  Bull.  No.  113, 1803,  p.  lis. 
Another  analysis  by  H.  G.  Knight  is  given  in  the  previous  editions  of  this  work. 

N.  Moses  Lake,  Washington.  Analysis  by  H.  G.  Knight,  Ann  Kept.  Washington  Geol.  Survey,  voL 
1, 1001,  p.  205. 

O.  Omak  Lake,  Colville  Indian  Reservation,  Washington.  Analysis  by  Steicer  m  the  labontory  cC 
the  Sun'ey.    Specific  gravity,  1.004,  at  25*. 

P.  Goodenough  Lake,  a  shallow  pond  28  miles  north  of  Clinton,  British  Columbia.  Analysis  by  F.  Q. 
Wait,  Ann.  Rept.  Geol.  Survey  Canada,  new  ser.,  vol.  11, 1806,  p.  48  R. 
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All  of  these  waters  contain  bicarbonates.  Groodenough  Lake 
deposits  natron,  NajCOa-lOHaO,  of  which  an  analysis  is  given.* 

A  few  saline  lakes  situated  east  of  the  Rocky  Mountains  have  beoi 
studied  to  some  extent.     The  analyses  are  as  follows: 

Analyses  of  water  from  saline  lakes  east  of  the  Rocky  Mountains, 

A.  Wilmington  Lake,  Wyoming.    Analysis  by  E.  E.  Slosson,  Bull.  Wyoming  Exper.  Sta.  No.  49, 190L 

B.  Big  Lake. 

C.  Track  Lake. 

D.  Red  Lake.  These  three  lakes  are  known  as  the  Laramie  or  Union  Pacific  Lakes  of  Wyoming.  Tb&f 
are  usually  dry,  but  in  1888  were  filled  with  water.  Analyses  by  H.  Femberton  and  O.  P.  Tucker,  Joor. 
Franklin  Inst.,  vol.  135, 1803,  p.  62. 

E.  Lake  De  Smet,  Wyoming.  Analysis  by  W.  T.  Schaller  in  the  laboratory  of  the  U.  8.  Geol.  Sorvif. 
An  analysis  of  its  feeder.  Shell  Creek,  was  also  made.    See  Water^upply  Paper  No.  364, 1014,  p.  17. 

F.  Devils  Lake,  North  Dakota.  Analysis  by  H.  W.  Daudt,  Quart.  Jour.  Univ.  North  Dakota,  v6L  1| 
1911,  p.  225.    Reduced  to  standard  form.    Ca,  0.04;  8iO«,  12.2;  RtOs,  4.0  parts  per  milUon. 

G.  Old  Wives  or  Chaplin  Lake,  Sa^catchewan,  Canada.  Analysis  by  F.  J.  Alway  and  R.  A.  GortMT, 
Am.  Chem.  Jour.,  vol.  37, 1907,  p.  3.    Recalculated  to  100  per  cent  fhun  the  original  nmmation  of  oa& 


1  Analyses  by  J.  G.  Smith  of  Summer,  Christmas,  Fossil,  North  Alkali,  Middle  Alkali,  and  South  Alkrii 
lakes,  all  in  Oregon,  are  given  in  Bull.  U.  8.  Dept.  Agr.,  No.  61, 1914,  p.  8Ql 
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iiia(yaf«  of  waUrfrcm  taUne  lakes  east  of  the  Rocky  Mountains — Continued. 
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•  Thne  flfores  for  salinity  of  th^  Laramie  Lakes  have  little  or  no  siniiflcance,  because  the  "lakes  "  vary 
fen  dry  msses  of  salts  to  solutions  of  varving  concentration.    For  additional  information  about  them  see 
*     LC.Rkkms,  Ann.  Rept.  Territorial  Geologist  Wyoming,  1888,  p.  45;  and  A.  R.  Schultz,  Bull.  U.  8.  Oeol. 
8an«jNo.4ab^p.  570. 

Five  of  these  lakes  are  essentially  solutions  of  sodium  sulphate,  and 
neemble  certain  bodies  of  water  on  the  Russian  steppes. 

CBNTRAIj  and  south  AMERICA, 

For  the  saline  waters  of  Central  and  South  America  the  chemical 
data  are  very  scanty.    Six  analyses,  however,  may  be  cited  here: 

Analyses  0/ saline  waUrs/rom  Central  and  SotUh  America, 

A.  Uke  ChlebflD-Kaiiab  O'llttle  sea''),  Yucatan.  Analysis  by  J.  L.  Howe  and  H.  D.  CampbeU,  Ahl 
lev.  8eL,  4th  ser.,  vol.  2,  im,  p.  413.  Two  samples  were  analysed,  and  that  from  the  middle  of  the  lake 
kftno  below.    The  water  deposits  gypsom. 

B.  Uke  Parinsoochas,  Pern.  Analysis  by  0. 8.  Jamieson  and  H.  Bingham,  Am.  Jour.  Sci.,  ser.  4,  vol. 
ll,M2,im2. 

C.  Uke  HnaCBChima,  Pern.  Analysis  by  E.  Pocti-Escot,  Bull.  80c.  chim.,  4th  scr.,  vol.  15, 1914,  p.  97. 
1te«  oflvamides.  Iodides,  and  thlosolphates  are  also  reported.  The  analysis  is  obscurely  stated,  and  the 
'thilitinn  here  Is  therefore  somewhat  uncertain. 

D.  UfooQ  of  Tamentica,  Chile.  See  F.  J.  San  Rom&n,  Desierto  i  cordllleras  de  A  tacama,  vol.  3,  Santiago 
4iQtOe,UQ2,p.  100. 

£.  Ek>  Sabdillo,  Argentina.  Analysis  by  Siewert,  reported  by  A.  W.  Stelzner,  Beitrfige  sur  Gcologie 
■d  PsbeoBtolosie  der  argentlnischen  BepabUk,  1885.  Sample  taken  at  Puente  del  Monte.  The  river 
■pte  into  the  LAgimftdelosPorongos.  It  is  salt  during  drought,  nearly  fresh  in  the  rainy  season.  Stelt- 
Mr  attimatas  that  it  carries  into  the  lagona,  annually,  584,56d~200  kilograms  of  salts.  SteUner  also  gives 
nljM  by  Doering  of  the  Saladillo  between  Salta  and  Jujuy,  and  of  Arroyo  Balado  in  Patagonia. 

P.  Ucona  de  Epecoto*  Argentina.  Analysis  by  M.  M.  Leguixamdn,  Trabs^oe  Cuarto  Cong,  cient.  Pan- 
iavicaao,  vol.  4,  Santiago,  1910,  p.  258. 
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IM  OATA  OF  GKOCHBMiaTBr. 

CASPIAN  S£A  ANI>  S£A  OF  ARAX^ 

The  greatest  of  all  the  closed  basins  is  that  of  tihe  Caspian  Sea, 
which  was  formerly  connected,  through  the  Black  Sea,  with  the  goi- 
eral  oceanic  circulation.  It  is  also  probable  that  the  Sea  of  Aral  ma 
at  some  time  a  part  of  the  same  great  body  of  water,  and  therefore  fiii 
two  sheets  are  properly  to  be  considered  together.  Many  smattai 
saline  lakes  are  scattered  through  the  Caspian  depression,  some  il 
them  being  recent  concentrations  from  overflows,  while  ethers  are  «l 
much  older  origin.^ 

The  Caspian  Sea,  however,  is  something  more  than  a  segr^ated 
remnant  of  the  ocean.  Its  water  is  diluted  by  the  influx  of  the 
Volga,  the  Ural,  and  other  important  streams,  so  that  its  compositioi] 
is  mtennediate  between  that  of  a  river  and  that  of  the  open  sea. 
Its  sahnity  is  relatively  low  and  very  variable.  At  the  north  ^ad, 
noar  the  mouth  of  the  Volga,  the  water  is  only  brackish;  in  the  deepei 
southern  portions  it  is  nmch  Salter.  On  the  eastern  side  of  the  tks- 
pian  there  is  a  large  gulf,  the  Karaboghaz,  into  which  a  cumnM 
continually  flows,  through  a  shallow  dxannel,  with  no  compensating 
return.  This  current,  it  is  estimated,  carries  daily  into  the  guU 
350,000  tons  of  salt;  and  therefore  the  salinity  of  the  Karaboghas  k 
steadily  increasing.  Its  waters  no  longer  support  animal  life,  and 
saline  deposits  are  fotoung  upon  its  bottom.  Near  its  margin 
gypsum  crystals  are  formed;  toward  the  center  of  the  gulf  sodiuni 
sulphate  is  deposited.^  The  latter  substance  is  thrown  down  veij 
during  the  winter  months,  for  at  simmier  temperatures  th6  Slarabo- 
ghaz  brine  is  an  xmsaturated  solution.  In  cold  weather  it  is  satnratoJ 
with  respect  to  sodium  sulphate,  but  not  for  the  cUoiide,  «od  iHm 
latter  remains  dissolved.'  The  separation  of  salts  by  fraclaoiiai 
crystallization  is  thus  well  exemplified. 

To  illustrate  the  coanposition  of  the  Caspian  and  allied  waters^  a 
few  analyses  must  suffice.  Ilxe  older  data  can  be  found  in  the  woda 
of  Bischof  and  Roth.    The  following  examples  are  fairly  typical: 

1  For  analyses  of  sofiie  of  these  waters,  the  Bogdo,  Indenk,  and  Stopanova  lakes,  see  Roth,  AngemelBi 
und  chemische  Goologle,  vol.  1,  p.  409.  Modem  and  complete  analyses  are  much  to  be  desired;  tha  old 
ones  are  unsatisfactory. 

'See  S.  Kusnetaoff,  Zeitsehr.  prakt.  Geologie,  1898,  p.  2d. 

*  Sec  N.  6.  KumakoIX,  Verhandl.  Uuss.  k.  min.Oesell.,  2d  scr.,  vol.  3S,  1900,  p.  26  oT  the  prooeedlqgr 
For  a  long  p&pci  on  the  Karaboghas,  also  known  as  the  Karabugas  or  Adschi-darja,  see  W.  Stahl,  Tfwtac 
Wochcnschr.,  vol.  20, 1905,  p.  689.  This  paper  is  based  on  an  ofllcial  Russian  report  by  Spindler  and 
dlulzeCr,  published  in  1902.  For  an  analysis  of  water  from  Lake  Durun  in  Transcaspia  see  A.  BH 
Jahresb.  Chemie,  1887,  p.  2531. 
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Anmlysei  of  Caspian  and  allied  waters. 


L  Cuplmflia.    Mean  of  fiii«  analyses  by  C.  Schmidt,  Bull.  AcscL  8t.  Petersboig,  voL  24, 1878,  p.  177. 

B.  G^piiii  Sea.  Analysis  by  A.  Lcbedintzeff,  died  by  W.  Stabl,  Natar.  Wodnensohr.,  Tol.  20, 1906, 
p.  Ml 

C  Kmboihax  Golf.    Analysis  by  Schmidt,  loc.  cit. 

D.  iLinlxi^iaz  Oolf.    Analysfa  by  Lebedintxeff,  cited  by  Stahl,  loc.  cit. 

£.ftMhty  LakB^aigBJdneofeonpentnttlointromflieCaipiMi.    Analysis  by  Sdmidt,  loc.  oit. 

f .  te«f  lial.'  Analysis  by  Sdimidt,  dted  from  Roth,  AUgemeine  imd  chomischo  Geologie,  vol.  1,  p.  46a. 
Schmidt's  aoalyses  report  bicarbonates,  whJoh  are  here  reduced  to  normal  salts.  I  ha^o  aSso  consolidated 
Itohjiiiifciiirt  qoanUtlBs  of  jffiea,  phosphoric  add,  and  ienie  oxide,  whidi  wero  determined  separately. 

G.  S««f  AiaL  Analysis  by  Btqpaoow,  dted  by  S.  Sowetow*  Ann.  Hydrog.  und  Marlt.  Mctoorolog.} 
8K^  p.  656.   Other  recsent  analyses  are  also  mentioned,  probably  from  the  monograph  by  L.  Berg  on  the 

fi.  Tbe  River  Atreik,  a  weston  tributary  of  the  Caspian.  Mean  of  two  analyses  by  F.  K.  Otten,  Jahresb. 
Ctenip,  U81,  p.  1443.     Analyses  of  the  tributary  rivers  Sumbar  and  Tschandyr  are  also  given. 
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.  Analyses  C  and  D  show  that  the  Karaboghaz  varies  from  time  to 
time,  both  in  composition  and  in  concentration. 

With  the  exception  of  the  Atrek  and  two  other  small  streams, 
iDiljfseB  of  the  riveis  which  feed  the  Caspian  seem  to  be  wanting ;  at 
IwBt,  I  have  fomid  none  recorded.  They  must  have  carried  large 
amounts  of  calcium  and  of  carbonic  acid,  which  have  been  almost 
entirely  eliminated^  The  falling  (^  of  sulphates  and  the  concentration 
rf  magnesium  in  the  more  saturated  waters  is  clearly  brought  out  by 
the  table,  an  order  of  change  which  will  bo  considered  more  fully 
tomewhat  later.  Both  the  Caspian  Sea  and  the  Sea  of  Aral  differ 
damicaUy  from  the  ocean  in  their  higher  proportions  of  calcium, 
nagnesinmy  and  sulphates.^ 

THE  DEAD   SEA. 

In  4li6  water  of  the  Dead  Sea  some  of  the  phenomena  of  saline 
Wcentration  are  exhibited  to  an  extreme  degree.  Sodium  com- 
pounds have  been  largely  eUminatcd,  and  the  remaining  brine  rosem- 


r,  in  Petermann's  Mltthellungen,  1858,  pp.  101-105,  has  brought  together  38  old  analyses  of 
"l^haathelekee  of  Artralrhan  and  the  mouth  of  the  Volga .  For  an  analysis  of  water  from  Lake  Tinaksk, 
^JWdttn,  see  N.  W.  Sokolofl,  Jour.  Chem.  Soc.,  vol.  100,  ii,  1911,  p.  502,  abstract  from  Jour.  Russian 
'VKIkBi.  Soc,  vol.  43,  p.  436.  Analyses  of  water  from  tha  Syr-Daria  and  Amu-Darla,  the  chief  feeders 
<(ttaa«of  Aral,  have  been  published  in  a  report  on  the  work  of  the  Uydrometric  Service  in  Turkestan, 
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bles  in  many  respeets  the  mother  Uquor  left  by  ocean  water  after 
the  extraction  of  salt.  It  is  rich  in  magnesium,  calcium,  and  bromine; 
the  sulphates  have  been  reduced  to  an  insignificant  amoimt,  and  car- 
bonates are  almost  entirely  lacking.  The  original  solutions,  how- 
ever, from  which  the  Dead  Sea  was  formed  were  probably  not  iden- 
tical in  composition  with  those  which  produced  the  salinity  of  the 
ocean,  and  so  the  bittern  of  sea  water  differs  from  the  brine  that  we 
are  now  considering.    The  two  are  similar,  but  not  quite  the  dame. 

The  water  of  the  Dead  Sea  has  been  repeatedly  analyzed,  and  the 
older  data  are  reproduced  in  the  works  of  Bischof  and  Roth.  The 
best  series  of  analyses  is  due  to  A.  Terreil,^  and  of  his  eight,  six  are 
given  below  in  reduced  form.  They  represent  samples  collected  from 
different  depths  and  different  parts  of  the  lake,  and  they  show  its 
variable  character. 

Analyses  of  uater  from  Dead  Sea  and  River  Jordan. 

A.  Surface  water,  nortli  end  ol  lake.    Terrell. 

B.  At  depth  of  20  meters,  5  miles  east  of  Wady  Mrabba.    Terrell. 

C.  At  depth  of  42  meters,  near  Ras  Hersed.    Terrell. 

D.  At  depth  of  120  meters,  6  miles  east  of  Ras  Feschkah.    TenreiL 

E .  Same  locality  as  D ,  at  depth  of  200  meters.    Terrell. 

F.  Same  locality  as  B,  at  depth  of  300  meters.    Terrell. 

Cf.  Analysis  by  J.  B.  Boussingault,  Annales  chim.  phys.,  3d  ser.,  vol.  48,  1856,  p.  129.  BotusfngMdl 
cites  the  earlier  analyses  of  Dead  Sea  water. 

II.  Analysis  by  F.  A.  Oenth,  Liebig*s  Annalen,  vol.  110, 1850,  p.  240. 

I.  Analysis  by  Roux,  Compt.  Rend.,  voL  57, 1853,  p.  602. 

J.  Analysis  by  H.  Fleck,  Jour.  Chem.  Soc.,  vol.  42, 1882,  p.  24,  abstract.    Probably  sorteoe  water. 

K.  Analysis  by  A.  Stutier  and  A.  Reich,  Chem.  Zeltung,  vol.  31, 1007,  p.  845. 

L.  Analysis  by  A.  Friedmann,  Chem.  Zeltung,  voL  36,  p.  147, 1012.  Bpedfle  gravity  1.1206.  Mean  of  t 
analyses. 

H.  Analysis  by  H.  Fresenlus,  Zeltschr.  angew.  Chem.,  1012,  p.  1991.  Speciflo  gravity  1.15S5  at  15*.  TlM 
trace  of  Iodine  Is  0.000247  gram  per  kilo,  and  of  iron,  0.0007586  gram. 

N.  The  Jordan  near  Jericho.  Analj'sls  by  R.  Sachsse,  Inaug.  Diss.,  Erlangen,  1806.  Analyaes of  seveni 
smaller  streams  arc  given.  Organic  matter  not  included  in  the  following  table.  An  earUer  analyris  taj 
Anderson  Is  cited  in  the  flrst  edition  of  this  book  (Bulletin  330). 


01 '     65.81 

Br 2.37 

SO, 31 

CO3 Trace. 

Na 11.65 

K 1.85 

Oa 4.73 

Mg 13.28 

SiOa '  Trace. 


Salinity,  per  cent. 


100.00 
19.215 
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70.25 
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Trace. 

6.33 

1.70 

5.54 

14.42 

Trace. 


100.00 
20.  709 


68.16 

1.99 

.22 

Trace. 

10.21 

1.00 

1.53 
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Trace. 


100.00 
24. 263 


67.66 

1.98 

.22 

Trace. 

10.20 

1.62 

1.51 

16.81 

Trace. 


100.00 
24. 573 
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67.84 

1.75 

.22 

Trace. 

10.00 

1.79 

1.68 

16.72 

Trace. 


100.00 
25. 110 


67. 
2.72 


Trace. 

6.60 

1.68 

6.64 

16.  tt 

Trace. 


100.00 
26l908 


'  Compt.  Rend.,  vol.  02. 1806,  p.  1329.  Terrell  also  made  an  analysis  of  the  water  of  the  River  Jordan,  bal 
stated  it  obscurely.  In  addition  to  the  substances  named  in  the  table,  Terrell  reports  traces  of  hydicf 
sulphide,  ammonia,  alumina,  ferric  oxide,  and  organic  matter  In  the  water  of  the  Dead  Bea. 
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AndLyweB-of  foaUr  from  Dead.Sea and  River  Jordan — Continued. 
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1.37 

65.22 
2.08 

65.43 
1.54 

65.74 
1.48 
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1.45 

63.40 
1.69 

65.86 

1.13 

Trace. 

.39 

41.47 

Br 

I 
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.13 

.29 
.01 
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.45 

.42 

7.22 

CO, 

Trace. :      .  02 

1 

13.11 

NO. 

Trace. 

Ni. 

11.22 
3.70 

Trace. 
5.69 

12.09 

13.39 
2.37 

"T79" 
11.85 

11.70 

3.53 

Trace. 

5.60 

11.85 

11.60 
3.40 

15.75 
3.24 

13. 49  j  13.  73 
3. 24  :    2.  36 

* 

18.11 

K 

NH, 

cT: 

Mg 

SO, 

1.14 

5.02 

12.42 

4.09 
10.53 

5.  74  !    4. 19 
12.02  j  12.32 

i 

10.67 
4.88 
1.95 

(AlFeJ^O, 

Trace. 

Trace. 

.15 

Trace. 

Trace. 

Trace. 

1.45 

Silimty,  per  cent 

100.00 
22. 7697 

100.00 
22.2834 

100.00 
20.590 

100.00 
21.977 

100.00 
22.030 

100.  CO  100.00 

23.  8906 18.  8453 

1 
1 

100.00 
0.770 

From  the  foregoing  analyses  we  see  that  the  water  of  the  Dead  Sea 
differs  widely  from  all  the  other  waters  that  we  have  examined.  The 
compositiou  of  its  main  feeder,  the  Jordan,  is  also  unusual.  Wlien  it 
enters  the  Dead  Sea,  its  carbonates  and  gypsum  are  precipitated,  and 
its  contribution  to  the  lake  brine  is  composed  almost  entirely  of 
chlorides.  The  valley  of  the  Jordan  and  the  regions  roundabout  the 
Dead  Sea  contain  maiiy  beds  of  rock  salt  and  gjrpsum,  and  the  neigh- 
boriug  Cretaceous  strata  are  impregnated  with  the  same  substan(!es. 
From  these  sources  the  river  derives  its  chlorides  and  sulphates,  and 
80  returns  to  the  lake  some  products  of  its  former  concentration.  Hot 
^rings,  also,  as  L.  Lartet  ^  and  others  have  shown,  contribute  to  the 
salinity  of  the  waters.  To  some  extent,  probably,  there  is  atmospheric 
transportation  of  salts  from  the  Mediterranean,  and  W.  Ackroyd ' 
regards  this  as  a  most  important  agency,  although  its  influence  is 
probably  overestimated.  Whatever  may  have  been  the  origin  of  the 
Dead  Sea,  its  water  is  now  essentially  a  bittern,  relatively  low  in 
sodium,  high  in  magnesium,  and  remarkably  rich  in  bromine.  The 
hrine  from  300  meters  depth  carries  over  7  grams  of  bromine  to  the 
lit«p,  but  only  a  trace  of  iodine  has  been  detected  in  it.* 

1  BolL  Soe.  g«oL  France,  ad  aer.,  voL  23, 1866,  pp.  719-760. 

*Qmiii.  News,  ToL  8D,  1904,  p.  13. 

' Th«  foOowing  referenoes  to  origiiial  authorities  on  the  water  of  the  Dead  8oa  are  worth  recording:  J. 
Apfohn,  Proe.  Roy.  Irish  Acad.,  voL  1, 1841,  p.  287;  B.  Silliman,  jr.,  Am.  Jour.  Sci..  1st  ser.,  vol.  48, 1845, 
9*10;  T.  J.  and  W.  Herapath,  Jour.  Chem.  Boo.,  voL  2, 1849,  p.  337;  A.  F.  Doutron-Charlard  and  O.  Henry, 
^.pbanLchim.,  Mardti,  18S2;  R.  11.  Murray,  Proe.  Glasgow  Philos.  Soe.,  voL  3, 1852,  p.  242;  J.  C.  Booth 
lii  A.]Ciiek]^  Am.  Jour.  Sd.,  Sd  ser.,  voL  19, 1855,  p.  149;  F.  Moldenhauer,  Uebig's  Annalen,  vol.  97, 1856, 
9.317; Schvanentedi,  Mitt,  naturforsch.  Gesell.  Berne,  1870,  p.  47.  An  analysis  by  J.  U.  Salisbury  (Am. 
P^ftteh.  Jour.,  voL  3, 18S3,  p.  374)  of  what  purported  to  be  Dead  Sea  water  wasoNidently  of  ocean  water. 
^•Mriier  analyses  by  A.  Maroet,  Klaproth,  Oay-Lussac,  and  C.  G.  Gmelin  have  only  historical  interest. 
AiMBt  aoalyais  1^  MitidicU  (B«c-  u.  hattenm.  Zeitung,  1902,  p.  225)  is  of  doubtful  x'alue. 
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OTHER  RUSSIAN  AND  ASIATIC  LAKES. 

Mother  liquors  having  a  general  similarity  to  the  Dead  Sea  brine 
are  also  furnished  by  the  Elton  Lake,  in  southern  Russia,  and  the 
Red  Lake,  near  Perekop,  in  the  Crimea.  Their  analyses,  recalcidated 
from  the  figures  given  by  Roth,  appear  in  the  next  table.  The  coni- 
position  of  the  Elton  water  varies  with  the  season  of  the  year,  and 
I  have  selected  an  analysis  which  represents  its  concentration  in 
August.  Li  spring  its  tributaries,  swollen  by  melting  snow,  bring  in 
much  sodium  chloride  and  alter  its  character  matepally.  Analyses 
of  water  from  several  Asiatic  lakes  are  included  with  these  in  the 
following  table. 

AnalyscM  of  RvsHan  and  Anatic  walen, 

A.  Klton  Lake,  ]lu:>-sia.  .Vnaly^is  by  Erdmaxin,  cited  by  Roth,  AUsemeixM  und  chemiscbe  Geologte, 
Tol.  1,  p.  4f«3. 

B.  Hod  Laka,  Parekop,  Ciimaa.  Analysis  by  Hasshagen,  IroBi  Uoth,  op.  cU.,  p.  471.  ItoUi  gtw  anal- 
yses of  several  other  CrimMUi  sdt  lakes.  Analyses  of  four  Crimean  lakes  are  given  by  A.  Qoebel,  MSi, 
chim.  pbys.,  vol.  5, 1864,  p.  320. 

C.  Lake  Von,  Armenia.  Analysis  by  E.  do  Chancourtois,  Compt.  Rend.,  vol.  21, 1945,  p.  1111.  Car- 
bonates reduced  to  normal  salts. 

D.  Lake  TJrmi  or  Urmiah,  Persia.  Analysis  by  H.  T.  GOothar  and  J.  J.  Manley,  Proc  Coy.  Sor.,  vol. 
Oo,  ISM,  p.  312. 

E.  Salt  Lake  near  Sblraz,  Persia.    Analysis  by  K.  Natterer,  Monatsh.  Chemio,  vd.  IG,  1SK>,  p.  6fi8. 

F.  Gaukha^  lake,  southern  Persia.    Analysis  by  A.  Holder,  published  by  Natterer,  op.  ctt.,  p.  633. 

G .  Koko-Nor,  Tibet.  Analysis  by  C.  Schmidt,  BulL  Acad.  St.  Petersburg,  vol.  24,  Ur78»  p.  177.  Bioar- 
b  onates  reduced  to  normal  salts.    Sample  taken  in  autumn,  1872. 

n.  Koko-Nor,  Tibet.  Analysis  by  Schmidt,  l£6l.  chim.  phys.,  St.  Petersburg,  voL  11,  1881,  p.  4Q7. 
Sample  taken  in  the  winter  of  1880,  from  under  thick  ica.  For  anal>'sis  of  three  saline  lakes  in  Cental 
Asia,  spo  Schmidt,  idem,  vol.  12,  1887,  p.  647. 
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1.29 
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17.84 
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Na 
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2.01 
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Trace. 

.32 
2.63 

.82 
.83 
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.08 

Fe,0, 
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.02 
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Salinity,  per  cent 

100.00 
26.60 

100.00 
30.01 

100.00 
2.10 

100.00 
14.85 

100.00 
7.77 

100.00 
25.88 

100.00 
1.11 

100.00 
1.30 

The  general  resemblance  of  analyses  A  and  B  to  those  of  Dead  Sea 
water  is  evident.  Ellton  Lake,  however,  contains  a  notable  propOT- 
tion  of  sulphates,  which  are  entirely  wanting  in  the  Crimean  water. 
Lake  Van  is  alkaline,  and  its  saline  composition  is  much  like  ih^t  of 
Mono  Lake  in  California,  except  that  it  is  less  concentrated.     Lake 
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Unni  is  of  the  same  type  as  Great  Salt  Lake,  and  the  two  other 
Persian  waters  are  similar.  The  Koko-Nor  belongs  m  the  same  class 
with  the  Caspian  and  the  Sea  of  Aral,  but  it  contams  a  much  larger 
proportion  of  carbonates. 

In  the  neighborhood  of  Minussinsk  and  Abakansk,  government  of 
Y^iiaeiaky  Siberia,  there  are  a  number  of  saline  lakes  or  ponds  which 
hire  been  studied  by  F.  Ludwig.^  The  reduced  analyses,  arranged 
in  the  order  of  their  chlcMine,  are  as  follows: 

Antdysei  of  tvaterfrom  galine  lakes  of  Yeniseiih,  Siberia. 

A.  IH  Kid-Kul. 

B.  Lake  Scbunett,  w«tor  coUect^d  in  1899.  Another  nnal}'sis«  of  a  sample  collected  in  1S98,  gave  similar 
lit amevbat different  ncolts,  and  showad  much  greater  concentration.  This  latter  sample  had  a  salinity 
fl(&35  per  cent,  and  its  salts  contained  0.19  per  cent  of  bromine. 

ClakeTagar. 

D.UkeBehk. 

I.  Bitter  lake 

r.UkeAltaL 

ClakeBl^    This  is  the  largest  of  the  lakes  and  measures  about  GO  kilometers  in  circumference. 

H.  Lake  Domoshakovo. 


a.. 

Br.. 
8O4. 
GO,. 
NO, 
K». 
K.. 


Ck... 

I 


Stiudty,  per  cent. 


48.28 

Trace. 

14.55 

.22 


34.01 

.S5 

.69 

L86 

.04 


Trace. 


100.00 

10.87 


B 


C 


38.89 


32.19 
.31 


16.12 
.33 
.44 

11.67 
.01 
.04 


1100.00 
15.19 


29.52 

Trace. 

34.99 

1.55 


28.41 
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.05 
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9.91 

52.33 

6.22 

1.07 

21.83 

.87 

.43 

7.28 

.03 

.03 
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3.71 
Trace. 
63.62 
.08 
.07 
30.61 
.59 
.58 
.74 
Trace. 
Trace. 


100.00 
10.88 


100.00 

.88 


100.00 
14.55 


Tlie  last  analysis  in  this  table,  that  of  Lake  Domoshakovo,  repre- 
8«it8  essentially  a  solution  of  sodium  sulphate,  with  very  little  else. 
It  18  the  extreme  type  of  a  sulphate  water.  The  other  waters  upon 
eraporationy  yield  mixtures  of  chlorides  and  sulphates,  sodium  being 
flie  dominant  electropositive  radicle.  Li  one  analysis  only  m  magne- 
sum  high;  in  two  others  it  is  important.  TTie  calcium  is  insignificant 
throughoui  the  series. 

A  number  of  other  Siberian  lakes  have  been  investigated  by  C. 
Sdunidt,  from  whose  memoirs  the  following  analyses,  reduced  to 
standard  form,  have  been  selected.' 

*2eifaclx'.  prakt.  G«dogie,  toI.  11,  1903,  p.  401.  Ludwig  also  gives  analyses  of  sediments  and  saline 
^4aib  fram  ditse  vmtera. 

*Iii  MAn.  And.  St.  Fatersbuis,  toI.  20,  No.  4, 1873,  Schmidt  gires  analyses  of  14  bitter,  salt,  and  fresh 
htai«i  lift  line  fram  Omsk  to  PetraparloTsk,  and  thence  to  Prasnowskaja. 
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Andlyus  of  water  from  Siberian  laket. 

A.  Issyk-Kul.    UH.  phys.  chim.,  St.  PeterebuiSt  vol.  11, 1882,  p.  9U, 

D.  Uetsk  salt  lake,  goverament  of  Orenberg.    Op.  cit.,  vol.  11, 1882,  p.  QOBi 

C.  Barchatow  bHter  lake,  300  versts  southwest  of  Barnaul,  government  of  Tomsk.    Op.  eft.,  iroL  ll| 
1882,  p.  600. 

D.  Bamkta-Kul  or  Pish  Lake,  Kirghiz  Steppe.    Op.  cit.,  vol.  12, 1883,  p.  87. 
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S,  sulphide 

.50 
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100.00 
3,574 

100.00 
155,230 

100.00 
13,308 

100.00 
11,458 

MISCELLANEOUS  L.A.KES. 

In  the  next  table  I  give  reduced  analyses  of  several  European  lakes 
of  widely  varying  character.    They  are  as  follows: 

Analyus  of  mater  from  European  lake$, 

A.  Lake  Laach,  Germany.  Analysis  by  O.  Bischof,  Lehrbuch  der  chemischen  und  physlkaUsclNB 
Geologie,  2d  ed.,  vol.  1, 1863,  p.  316.  This  lake  occupies  the  crater  of  an  extinct  volcano,  and  Its  water  li 
fresh.    It  Ls,  nevertheless,  an  alkaline  water  and  yields  sodium  carbonate  on  evaporation. 

B.  Palic  Lake,  Banat,  Hungary.  Analysis  by  K.  von  Hauer,  Jahrb.  K.-k.  geol.  Relchsanstalt,  yol.  7, 
1K56,  p.  361.  Iron,  magnesium,  and  calcium  are  held  in  solution  as  bioarbonates,  and  are  precipitated  on 
boiling.    Free  carbonic  acid  and  organic  matter  are  also  present. 

C.  Illy^  or  Medvo  Lake,  near  Szovata,  Hungary.  Analysis  by  B.  von  Lengyel,  F5klt.  K5k1.,  vol.  98, 
lN98,p.280.    Recently  formed  by  a  sinking  of  the  ground.    The  neighboring  country  contains  salt  deposits. 

D.  Lake  Ruszanda,  Ilungary.  Analysis  by  J.  Schneider,  cited  by  A.  Kaleczlnzky,  F51dt.  K<>sl..  voL  SB; 
1889,  p.  284.  The  data  as  published  show  discrepancies  which  detract  fktmi  their  value.  Organic  mattai 
omitted. 

£.  Lake  Tekir-Ohiol,  Rumania.  Analysis  by  Popovici,  Saligny,  and  Oeorgesoo,  cited  by  P.  BajoTi 
Ann.  scl.  Univ.  Jassy.  vol.  1. 1901,  p.  158.  A  lake  of  about  1, 140  hectares,  situated  only  300  to  400  mem 
from  the  Black  Sea.    The  published  summatk>n  of  the  analysis  is  not  in  accord  with  the  individual  figures. 

F.  Lacu  Sarat,  Rumania.  Analysis  by  Camot,  cited  by  Bujor,  op.  cit.,  p.  176.  In  winter  this  kJn 
deposits  crystallized  sodium  sulphate,  mirabilite,  NasSO^.lOHsO.  In  a  memoir  entitled  "  Aper^u  gtei» 
gique  sur  les  formation  salif&res  et  les  gisements  de  sel  en  Roumanie,"  Bucharest,  1002,  L.  Mraseo  and 
W.  Teisseyro  cite  analyses  of  Lacu  Sarat,  Lacu  Fundata,  Lacu  Amara,  and  Laca  lanca.  They  also  give 
analyses  of  Rumanian  salt. 


A 

B 

c 

D 

E 

F 

c\ 

4.99 

15.68 

60.18 

Trace. 

.44 

.04 

19.07 

"22.' 56* 
19.22 

60.53 
.18 
.67 

Trace. 

Trace. 

28.25 

Br 

SO4 

2.97 
50.97 

2.92 
41.02 

37.12 

CO, 

.27 

'"'3  -••••••••••••••••.•••••••• 

NO, 

^  '  ^-'a 

PO^ 

.52 

M.     >^^  .................     .......... 

NIL 

Trace. 

34.78 

1.68 

.28 

1.84 

}      .08 

.01 

Na 

27.05 

35.75 

39.02 

87.07 

1.19 

.20 

.15 

jTrace. 
.02 

81.78 

K 

Ca 

9.90 
2.77 

.66 
3.35 

.25 
.03 

.99 

Mr 

2.U 

ALO3 

}    -^ 

Fe,Oi 

.35 
.27 

100.00 
2,215 

Trace. 
.04 

100.00 

233, 747 

SiOa 

1.35 

100.00 
218 

'        .0* 

Salinity,  parts  per  million 

100.00 
6,276 

100.00 
70, 877 

68^038 
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nijft  Lake  and  the  neighboring  Black  Lake  are  essentially  strong 
solutions  of  common  salt,  formed  by  the  leaching  of  salt  beds.  Ac- 
cording to  A.  Kaleczinzky/  they  have  warm  layers  imder  a  fresh- 
water surfacey  which  owe  their  increased  temperature  to  the  absorp- 
tion of  solar  heat  and  to  the  fact  that  brine  has  a  lower  specific  heat 
than  water.  The  surface  layer  of  Black  Lake  has  a  temperature  of 
21°;  the  warm  layer  below  reaches  56^.  These  lakes,  therefore,  are 
aocomulators  of  heat. 

With  the  analyses  of  six  more  lake  waters,  the  present  tabulation 
must  close.     They  are  as  follows: 

Andiysei  of  saline  lakes  in  Africa^  India^  and  Australia, 

A.  Nttion  Lake,  near  Thebes,  Egypt.  Analysis  by  £.  WUlm,  Compt.  Rend.,  vol.  54, 1882,  p.  1224.  No 
bnojne,  iodine,  nitrates,  or  sulphates  were  detected. 

fi.  Salt  Lake  32  kikiraeten  north  of  Pretoria,  Transvaal.  Described  by  E .  Cohen,  liin.  pet.  Mitt.,  vol.  15, 
UK,  pp.  1, 194.  Analysis,  incomplete,  by  H.  Hopmann.  This  lake  or  salt  pan  is  about  400  meters  in 
diiOMter  and  oocapies  a  ftmnel-shaped  depression  in  granite. 

C.  Tbe  Eatwee  Salt  Lake,  north  of  Albert  Sdward  Nyansa,  central  Africa.  Analysis  by  A.  Pappe 
ttd  H.  D.  Richmond,  Jour.  Soc  C3iem.  Ind.,  vol.  9, 1890,  p.  734. 

D.  Sambhar  Salt  Lake,  Rajpatana,  India.  Analysis  by  W.  A.  K.  Christie,  Rec.  Oeol.  Survey  India, 
^38,  ]flO0,  p.  167.  Traces  of  NH4,  Fe,  8,  BOt,  PO4,  and  I  were  also  found.  For  the  origin  of  the  salt 
tathb  Iske  see  ante,  p.  148. 

K.  Looar  Lake,  Berar  district.  Central  Provinces,  India.  Analysis  by  T.  H.  D.  La  Touche  and  W.  A. 
K.  CWsde,  Rec  Geol.  Survey  India,  voL  41, 1912,  p.  260.    Traces  of  borates  detected. 

P.  Uke  Corongamite,  Victoria^ Australia.  Analysis  by  A.  W.  Craig  and  N.  T.  M.  Wilsmore,  Fourth 
Bcpt  AiBtnlBsian  Aaaoc.  Adv.  8cL,  1892,  p.  270. 


a... 

Br.. 
SO,. 
8.... 
CO.. 
Nt.. 
K... 
Oi.. 


fe' 


S^Uiiity,  parts  per  million. 


26.00 


32.90 
3L05 


a  57 
a  62 
L50 
L36 


100.00 
4,407 


B 


4a  47 
.63 


15.17 
4L33 


100.00 
211,400 


36.67 
i2.*33 


10.42 

3a  46 

7.09 

Trace. 

Trace. 


.03 


100.00 
310,000 


52.96 

.04 

5.85 


2.19 

38.86 

.09 

Trace. 

.01 


Trace. 


100.00 

(?) 


£ 


40.76 


1.48 

.01 

17.63 

39.60 

.11 

.01 

Trace. 

Trace. 

.40 


100.00 
82, 872 


59.32 

.22 

1.65 


Undet. 

35.07 

.84 

.13 

2.77 


100.00 
46,039 


SUMMARY. 


Wth  the  evidence  now  before  us  it  is  easy  to  see  that  the  waters  of 
Mlt  and  alkaline  lakes  may  be  classified  in  a  few  fairly  well  defined 
poups.  First,  we  have  a  gronp  of  chloride  waters,  characterized 
'J'^y  by  sodium  chloride,  which  may  be  regarded  as  belonging  to  an 
<*eanic  type.     In  the  following  table  these  waters  are  summed  up  in 


»Ueb«rdle 
^>Bb<fttM  Black 


warmen  und  heissen  Kochsalz-Seen,  etc.,  Budapest,  1902.    An  analysis  by 
Is  given.    It  is  practically  identical  with  that  of  Illy^  Lake;  the  saUnity  is  19.53 
,  F6Idt.  KOal.,  vol.  38, 1908,  p.  437. 
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the  order  of  diminishing  chlorine,  only  the  main  constituents  being 
given:  - 

Principal  constituents  of  chloride  waters. 


Mg. 


Lake  Tekir-Ghioi 

Uetak  lAke 

Illy^s  Lake 

Gaukhane  Lake 

Lake  Corongumte 

Lake  near  Shiraz 

Lake  Urmi. . . , 

Rio  Saladillo 

Great  Salt  Lake  (avenge) 

Ocean 

6amt)liar  Lake 


Cl,  Br. 

SOt. 

CO,. 

Na,K. 

Ca. 

60.71 

0.67 

Trace. 

36.46 

0.28 

6a  26 

.47 

38.86 

.33 

60.18 

.44 

0.04 

39.02 

.25 

59.67 

L29 

37.38 

.82 

d9.54 

L65 

(?) 

35.91 

.13 

58.18 

a48 

.23 

35.80 

.46 

57.33 

5.06 

34.76 

.32 

56.74 

4.82 

36.40 

L63 

66.78 

6.61 

liicc. 

36.16 

.32 

55.48 

7.69 

.21 

3L70 

L20 

53.00 

5.86 

2.19 

38.95 

L84 
.OB 

.03 

.83 
2.77 
LM 
2.53 

.41 
2.28 
a  72 

.01 


These  analyses  suggest,  if  they  do  not  actually  prove,  a  similarity 
of  origin  for  all  these  bodies  of  water,  and  a  possible  derivation, 
direct  or  indirect,  from  a  primitive  ocean.  Some  of  the  lakes  were 
formed  by  leaching  masses  of  oceanic  salts  which  were  deposited  in 
eariior  geologic  ages;  others  are  doubtless  renmants  of  oceanic  over- 
flows or  segregations.  In  the  leaching  process  the  alkaline  chlorides 
dissolved  more  freely  than  other  salts,  and  so  became  concentrated  in 
the  newer  waters.  K.  Natterer,^  in  his  discussion  of  the  Persian 
salt  lakes,  suggests  that  differing  diffusibility  may  have  played  a 
part  in  the  concentration  of  sodium  chloride.  As  the  leaching  waters 
percolated  throi^h  the  soil,  the  more  diffusible  alkaline  chlorides 
would  be  partially  separated  from  the  less  active  calcium  and  mag- 
nesium salts,  and  would  reach  the  lake  reservoir  in  larger  quantities. 
Tlie  composition  of  Lake  Tekir-Ghiol,  which  is  closely  adjacent  to 
the  Black  Sea,  would  se^n  to  emphasize  this  suggestion.  In  it  the 
alkaUne  chlorides  are  concentrated,  while  the  other  constituents  of 
sea  water  are  present  in  much  less  than  the  normal  amounts. 

In  direct  relation  to  waters  of  the  preceding  group  are  the  derived 
waters  of  the  bittern  type.  In  these,  by  prolonged  evaporation, 
magnesimn  salts  are  concentrated,  sodium  chloride  having  crjrstal- 
lized  out.     The  three  waters  available  for  comparison  are  as  follows: 

Principal  cOiistitucnts  of  natural  bitterns. 


Cl,  Br,  I. 

SO4. 

CO,. 

Na,K. 

Ca. 

M<. 

Dead  Sea  (average) 

Red  Lake 

68.15 
66.96 
64.22 

0.28 

Trace. 

13.  55 
19.90 
1L27 

4.37 

2.01 

.10 

laes 

11.18 

]RHt/>n  lAke. 

6.82 

0.04 

■ 

17.66 

■.A. 

1  Monatsh.  Chemic,  vol.  16, 1S95,  p.  ti68. 
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From  tbe  chloride  wat^s  we  pass  by  slow  gradations  to  the  sul- 
phate type,  as  shown  in  the  following  condensed  analyses.  Between 
the  two  groups  there  is  no  distinct  line  of  demarcation. 

Principal  constituents  of  chloro-sulphate  waters. 


CI,  Br. 

so«. 

'  CO,. 

Na,  K. 

Ca. 

Mg. 

Sevier  L&kc - 

52.66 

50.44 

48.28 

46.87 

42.96 

29.52 

28.25 

22.79 

20.02 

14.38 

4.98 

4.88 

3.71 

10.88 
9.17 
14.55 
10.59 
17. 19^ 
34.99 
37.12 
42.32 
43.63 
50.14 
61.86 
62.34 
63.62 

""6.' 22* 
2.J6 
2.13 
1.55 
.27 
.61 
L53 
1.12 
L54 

"'.os' 

33.33 
37.64 
34.36 
36.47 
37.72 
29.42 
31.75 
32.33 
33.16 
33.35 
30.65 
29.03 
31.20 

0.12 
.01 
.69 

L18 

3.01 

Tmn^tirft  lAffoon 

.60 

KW-Kul ...".. 

1.86 

Ub  Pamuicochas 

I/M!oon  of  Epooti^Ti ,  ^ 

.82 

Lake  T&ear 

.27 
.39 
.07 
.15 
.05 

.58 

4.12 

Ucn  Saiat 

2.16 

UkftRfliflk . 

1.86 

Bite  Lake : 

1.28 

Lake  Altai 

.90 

Old  Wives  Lake 

.97 

Lanmie  Lakes  (average) 

l4ke  Prttnnshalrnvo 

L81 
.74 

S(Hne  of  these  waters  have  been  modified  by  human  agency,  which 
otilized  them  as  sources  of  salt.  They  form,  nevertheless;  a  natural 
aeries,  in  which  the  alkaline  radicles  are  nearly  constant  in  proper- 
tioa,  YiAule  the  chlorides  and  sulphates  vary  reciprocally.  Lake  De 
Smet,  a  solphate  water  from  which  chlorides  are  nearly  absent, 
might  be  placed  at  the  end  of  this  series  were  it  not  for  the  small 
proportion  of  carbonates  that  it  contains. 

A  ali^tly  different  composition  is  represented  by  a  subgroup  of 
so^hato-chloride  waters,  as  shown  by  the  analyses  of  the  Caspian, 
the  Sea  of  Aral,  and  two  smaller  lakes. 

Principal  constituents   of  sulphato-chloride  waters. 


Cl,  Br. 

so«. 

1 — 

C0|. 

Na,  K. 

Ca. 

'2.44" 
6.28 
4.02 

Mg. 

Bardiatow  bitter  lake 

45.16 
41.96 
38.00 
35.43 

20.23 
23.88 
27.39 
30.98 

'6.65' 
.98 
.85 

28.27 
25.16 
23.61 
23.18 

5.84 

OM>iaQ  Sea 

5.87 

Btuiktfl-Kul 

4.68 

Sea  of  Ami 

5.50 

Here  we  have  a  dilution  of  oceanic  water  by  sulphate-bearing  tribu- 
taries, with  a  falling  off  of  the  alkaline  metals,  and  an  increase  in 
calcium  and  magnesium.  Tlie  bitterns  derived  from  these  waters 
differ  from  the  normal  bitterns  in  respect  to  their  proportion  of  sul- 
pbites,  but  otherwise  they  represent  the  same  order  of  changes.  I 
Mtt<le  with  them  the  Schunett  Lake  of  Siberia,  which  has  analo- 
£008  composition,  and  also  the  Iseyk-Kul. 
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Principal  amttituenti  of  tulphato-^loride  bUUnu. 


« 

CI,  Br. 

SOi. 

CO.. 

Nm,K. 

Oft. 

M«. 

Karaboghaz  Gulf  (average) 

Tinetzkv  Lake . ..." 

51.86 
48.12 
38.89 
15.67 

16.48 
21.25 
32.19 
55.94 

0.07 

""".'si' 

1.26 

18.33 
18.70 
16.45 
13.61 

0.28 
.01 
.44 
.94 

11. 4& 
11.91 

Schunett  Lake 

ii.e? 

lasyk-Kul 

12.80 

Tho  water  of  Lake  Chichen-Kanab  in  Yucatan  is  also  a  snlphato- 
chloride  water;  but  it  stands  alone  as  the  only  known  member  of  a 
distinct  subgroup.     Its  dominant  kation  is  calcium. 

The  alkaline  lakes  that  contain  notable  quantities  of  carbonates 
are  less  easy  to  classify  than  the  foregoing  waters,  and  yet  some 
analogies  are  clear.  First,  we  have  a  number  of  analyses  in  whidi 
the  carbonates  are  largely  in  excess  of  all  other  salts,  as  follows: 

Principal  conatituenU  of  carbonate  waters. 


Cl,  Br. 

SO4. 

COi. 

Na,K. 

Ca. 

Mt 

Silver  Lake 

0.87 
3.88 
4.55 
4.99 
7.64 
7.68 
15.  68 

2.43 
2.87 
7.64 
2.97 
7.08 
13.24 
2.92 

47.48 
51.56 
44.63 
50.97 
41.41 
37.79 
4L02 

16.36 
19.86 
29.75 
27.05 
42.82 
4L08 
35.75 

n.07 

&41 

5.58 

9.90 

.02 

e.51 

Moecs  Lake 

7.25 

Malheur  Lake 

4.1a 

Lake  I.<aach 

2L71 

Goodenoufirh  Lake 

.M 

Black  Lake 

Palic  Lake 

.  66 

3.86 

In  the  next  group  of  waters  carbonates  and  chlorides  predomi- 
nate, with  sulphates  in  subordinate  quantity. ' 

Principal  constituents  0/ carbonate-chloride  waters. 


Bluejoint  Lake 

Summer  Lake 

Natron  Lake 

Harney  Lake  (average). 

Humboldt  Lake 

Borax  l^ke 

Abort  Lake  (average) . . 

Lonar  Lake 

PjTamid  Lake 

Salt  Lake  near  Pretoria 
Winnemucca  Lake . . . . 


Cl,  Br. 


13.85 
18.  27 
26.00 
28.95 
31.82 
32.31 
36.13 
40.76 
41.04 
43.47 
47.88 


SO4. 


5.67 
4.18 


8.14 
3.27 

.13 
1.90 
1.48 
5.25 

.03 
3.76 


COi. 


38.68 
35.57 
32.90 
22.82 
21.57 
22.47 
20.73 
17.63 
14.28 
15.17 
7.93 


Na,K. 


39.96 
41.07 
31.05 
39.31 
36.51 
39.62 
40.62 
39.71 
35.95 
41.33 
3&62 


Ca. 


0.57 

Trace. 

3.57 

.01 

1.35 

.03 

Trace. 

.01 

.25 


.55 


Kg. 


o.a 

Trace. 
&« 

L« 

.at 

Trace. 

Ttaoe. 

2.8C 


.41 


Borax  Lake,  which  also  contains  5.05  per  cent  of  B4O7  in  its  salini 
residue,  might  well  be  put  in  a  class  by  itself;  but  extreme  subdivJaMbo 
is  not  now  desirable. 
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Twrrflbc^wgfcera  grcrcoPTemently  classed  as  Bulphftto-carbonates, 

asfoUowB: 

Principdl  eonttUuents  of  mlphaJUxarhonaie  waters. 


■ 

Cl,Br. 

SO4. 

COi. 

Na,K. 

Ca. 

Mg. 

OffwJf  lAkip 

2.96 
7.97 

21.12 
22.09 

36.75 
30.87 

37.12 
32.83 

0.23 
2.27 

1.82 

Pf)i<tn  liiko. 

2.62 

In  the  following  waters,  which  are  of  the  *' triple"  type,  chlorides, 
sulphates,  and  carbonates  are  all  present  in  notable  quantities: 

Principal  conatituenU  of  ** triple'^  waters. 


Cl,  Br. 

8O4. 

CO,. 

Na,K. 

Ca. 

Mg. 

^miiurton  TiAke ....-- 

10.78 
13.28 

n.i8 

25.30 
2a  34 
27.08 
20.26 
19.07 
23.77 
35.95 
36.67 

16.62 
16.44 
16.95 
9.92 
12.86 
11.95 
20.77 
22.56 
21.29 
10.42 
12.33 

32.75 
30.22 
29.33 
23.59 
23.42 
20.71 
19.55 
19.22 
17.34 
14.83 
10.42 

39.85 
39.60 
4L06 
39.88 
39.78 
38.84 
3a  21 
38.26 
34.83 
36.00 
40.55 

Soap  Uke 

Trace. 

'""a  62' 

.04 

"".'28* 
.20 
.90 

0.04 

Ifike  Hiift/»ftr»hi¥n». .       _    

.34 

OweuB  Lake  (average) 

Mono  lAke  .   ....... 

.01 
.10 

Like  Van 

.57 

Tulare  Lake       

.26 

.15 

Walker  Lake           

1.56 

Soda  lAkft  (lLVf*T1U^^ .  .  T  .  T 

.22 

Katwee  Salt  Lake     

Finally,  there  are  three  waters  which  might  be  classed  with  the  sul- 
phato-chlorides  were  it  not  for  their  moderately  alkaline  character. 

Prmeipal  canstituerds  of  water  of  Lake  BUjo^  Devils  Lake,  and  Koho-Nor, 


Cl,Br. 

SO4. 

COi. 

Na,K. 

Ca. 

Mg. 

LakeBilio 

9.91 
10.45 
40.09 

52.33 
54.07 
17.84 

6.22 
4.24 
5.55 

22.70 
25.88 
3L72 

0.43 

Trace. 

1.77 

7.28 

Devib  Lake 

5.36 

Koko-Nor 

2.90 

In  general,  as  was  pointed  out  in  discussing  the  Lahontan  waters, 
iftaline  lakes  are  representative  of  volcanic  regions,  while  saline 
lakes  are  associated  with  sedimentary  deposits.  That  is,  from  a 
chemical  point  of  view  the  alkaline  waters  are  the  newest,  and  exhibit 
the  nearest  relationship  to  rivers  and  springs.  By  the  weathering 
<rf  rocks  carbonates  are  first  formed,  as  is  seen  in  most  rivers  near 
thdr  sources.  Under  favorable  conditions  these  salts  accumulate, 
•nd  they  are  transformed  into  or  replaced  by  other  compounds  only 
^^  a  long  and  slow  series  of  chemical  reactions.  In  recently 
-foraed  bedies^  of  water,  derived  from  igneous  rocks,  carbonates  are 
abundant;  but  as  salinity  or  concentration  increases,  the  ^li!g\i\\:j 
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soluble  calcium  carbonate  is  thrown  down^  leaving  sulphates  and 
chlorides  in  solution.  If  more  calcium  is  available,  gypsum  is  pca- 
cipitated,  and  the  final  result  is  a  water  containing  little  except 
chlorides.  The  carbonate  waters  form  the  beginning,  the  chloridfl 
waters  the  end  of  the  series.  When  calcium  is  deficient  in  quantity, 
then  mixed  waters  are  produced,  in  which  alkaline  sulphates,  car- 
bonates, and  cldorides  may  coexist  in  almost  any  relative  propor- 
tions. Waters  of  mixed  type  may  also  be  formed  by  the  blending  oi 
supplies  from  different  soiu*ces,  and  the  contributions  of  two  tribu- 
taries may  be  very  unlike.  The  fresh  decomposition  products  from 
a  volcanic  rock  and  the  leachings  of  sedimentary  beds  are  widelj 
dissimilar;  but  the  chemical  changes  consequent  upon  their  comminr 
gUag  will  follow  the  order  just  laid  down.  This  order  can  not  be 
stated  in  quantitative  terms,  for  the  conditions  of  equihbrium  in 
complex  mixtures  are  not  definitely  known.  The  solubility  of  a  salt 
in  pure  water  is  one  thing;  its  solubility  in  the  psesenoe  of  othei 
compounds  is  something  quite  different;  and  when  the  numb^  d 
possible  substances  is  great  the  problem  becomes  hopelessly  com- 
plicated. Each  substance  influences  every  other  substance,  in  a 
manner  which  depends  partly  upon  temperature  and  partly  upon 
concentration,  and  no  known  equations  can  cover  the  whole  field. 

Qualitatively,  however,  the  conditions  governing  the  deposition 
of  salts  can  be  simply  and  intelligibly  stated.  Suppose  we  consider 
a  solution  so  dilute  that  it  contains  ions  capable  of  forming  t^e  chlo- 
rides, sulphates,  and  carbonates  of  sodium,  calcium,  and  magnesium, 
which  are  the  chief  salts  derivable  from  natural  waters.  Upon  con- 
centration, the  difficultly  soluble  carbonates  of  calcium  and  magne- 
sium will  be  precipitated  first,  to  be  followed  by  the  slightly  solubk 
gypsum.  Next  in  order  sodium  sulphate  and  carbonate  will  form, 
and  these  salts  are  deposited  by  many  sahne  or  alkaline  waters. 
Later,  sodium  chloride  and  magnesium  sulphate  may  crystallize  out, 
leaving  at  least  a  bittern  containing  the  very  soluble  chlorides  of  cal- 
cium and  magnesium.  This  is  the  observed  order  of  concentration, 
but  every  step  is  not  necessarily  taken  in  every  instance.  All  of  the 
calcium  may  be  eluninated  as  carbonate,  leaving  none  for  the  forma- 
tion of  other  salts.  All  of  the  sulphuric  ions  may  be  taken  to  produce 
gypsiun,  and  then  no  sodiimi  sulphate  can  form.  In  short,  the  actual 
changes  wliich  take  place  during  the  concentration  of  a  specified  watei 
depend  on  the  proportions  of  its  constituents,  and  yaxy  from  case  to 
case.  The  proposed  order  of  deposition  is  simply  the  general  ordeCi 
which  conforms  to  the  facts  of  observation  and  to  the  known  solubili- 
ties of  the  several  salts.  The  least  soluble  possible  salt  will  fonu 
first ;  the  most  soluble  will  remain  longest  in  solution.  The  f orma^i^Mi 
of  double  salts  will  bo  considered  in  another  chapter. 


CHAPTEai  VI. 

MINESAL  WELLS  AND  SPRINGS. 

DEFINITION. 

Between  the  so-called  ''mineral  waters''  and  waters  of  ordinaTy 
obiractor  no  sharp  Ime  of  demaroation  can  be  drawn.  In  fact, 
sone  of  the  springs  haring  the  -greatest  oommercial  imp(»rtance 
yield  waters  of  exceptionafly  lo^  mmeral  content  and  owe  their 
Tihe  to  tiieir  r^narkable  parity.  They  are  simply  potable  waters 
ciRjing  a  minimTiTn  of  for^gn  matt^  in  solution.  Other  springs, 
OR  the  oontrasy,  are  characterized  by  excesdve  salimty,  and 
betireeii  the  two  exti'emes  nearly  every  intermediate  condition  may 
be  observed. 

h  the  chapter  on  lakes  and  rivers  a  number  of  springs  were 
considered  which  represent  the  ordinary  or  common  type  of  water 
simply.  Rain  water,  chewed  with  carbonic  acid,  percolates  through 
the  soil'  or  through  rdatively  thin  layers  of  rock  and  emerges  with 
a  moderate  load  of  dissolved  impxuities.  Upon  evaporation  such 
wilerBgive  a  re»due  consistmg  most  commonly  of  calcium  carbonate, 
calcium  sulphate,  or  silica,  with  minor  amounts  of  alkaline  chlorides, 
and,  blending  with  rain  or  seepage  waters,  they  form  the  beginnings 
of  streams.  Sometimes  sulphates  predominate,  sometimes  carbon- 
ates, but  chlorides  are  present  much  less  conspicuously.  Calcium  is 
the  dominating  m.etal,  and  sodium  occupies,  as  a  rule,  a  subordinate 
place.  To  the  vast  majority  of  spring  waters  these  statements 
appty,  but  here  and  there  exceptions  are  encountered  which,  by 
their  peculiar  characters,  attract  attention  and  are  known  as 
''nuDeral"  wdls  or  springs.  Speaking  broadly,  all  spruigs  are 
iBineral  springs,  for  all  contain  mineral  impurities;  but  in  a  popular 
sense  the  tenn  is  restricted  to  waters  of  abnonnal  or  unusual  com- 
positioB.  A  mineral  water,  then,  is  merely  ti  water  which  diflFers, 
^er  in  composition  or  in  concentration,  from  the  common  potable 
varieties.  The  term  is  loose  and  indefinite,  but  it  has  a  certain 
conreiiience,  and  we  may  use  it  without  danger  of  being  led  astray. 

To  put  the  case  differently,  a  mineral  spring  may  be  described  as 
WW  which  owes  its  character  to  local  as  distinguislied  from  ^dde- 
8pread  or  general  conditions;  and  the  pcKiuharities  thus  acquired 
>Hy  result  from  a  great  variety  of  causes.  One  water,  rising  from 
wdfirof  salt,  is  charged  with  sodium  chloride;  another  represents 
w«  solution  of  gypsum;     a   third   may   carry  substances   derived 
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from  the  sulphides  of  metalliferous  veins,  and  so  on  indefinitely. 
Any  soluble  matter  existing  in  the  crust  of  the  earth  may  find  its 
way  into  the  waters  of  a  spring  and  give  to  the  latter  some  dis- 
tinguishing peculiarity.  Even  in  their  gaseous  contents  spring 
waters  differ  widely.  Some  are  heavily  charged  with  carbonic  acid 
and  effervesce  upon  reaching  the  air,  and  others  contain  hydrogen 
sidphide  in  sufficient  quantities  to  be  recognized  by  the  smell. 
Some  waters  are  strongly  acid,  some  alkaline,  and  some  neutral; 
waters  emerging  from  beds  of  pyritiferous  shale  are  often  rendered 
astringent  by  salts  of  aluminum  or  iron;  one  spring  is  boiling  hot 
while  its  neighbors  are  ice  cold;  in  short,  every  difference  of  origin 
may  be  reflected  in  some  peculiarity  of  composition  or  character. 
In  recent  years  many  mineral  springs  have  been  found  to  contain 
appreciable  quantities  of  argon,  helium,  and  the  other  inert  gases, 
a  fact  which  bears  upon  the  radioactivity  exhibited  by  natural 
waters.  For  example,  G.  Massol,^  in  the  gas  from  the  thermal 
spring  of  Uriage,  France,  found  0.932  per  cent  of  helium,  together 
with  krypton  and  xenon.  Argon  was  detected  in  the  hot  springs 
of  Bath,  England,  shortly  after  the  element  was  discovered.*  In 
the  boric  acid  sqffioni  of  Tuscany,  heUum  and  argon  were  found  by 
R.  Nasini,  F.  Anderlini,  and  R.  Salvadori.'  Many  French  springs 
have  been  studied,  with  similar  results,  by  C.  Moureu  and 
R.  Biquard.^  These  minor  characteristics  of  natural  waters  can 
not  be  dwelt  upon  more  fully  hero. 

CLASSIFICATION. 

The  classification  of  waters  can  be  based  on  a  variety  of  considera- 
tions. It  may  be  geologic,  correlating  the  springs  with  their  geologic 
origin,  or  as  ancient  or  modern,  or  by  dividing  them  into  classes 
according  to  their  derivation  from  rain  water  or  from  sources  deep 
within  the  earth;  it  may  be  physical,  drawing  a  chief  distinction 
between  cold  and  thermal  springs;  or  chemical,  in  which  case  differ- 
ences of  composition  determine  the  place  which  each  water  shall 
occupy.  To  a  great  extent  the  three  systems  of  classification  over- 
lap, and  each  one  depends  more  or  less  on  the  others;  but  for  the 
purposes  of  this  memoir,  which  deals  with  chemical  phenomena, 
the  chemical  method  is  obviously  the  most  appropriate.  The  other 
considerations  must,  of  course,  be  taken  into  accoimt;  but  chemical 
composition  is,  for  us,  the  determining  factor.     From  this  point  of 

1  Compt.  Rend.,  vol.  151, 1910,  p.  1124. 

*  See  Rayleigh  and  Ramsay,  Zeitschr.  phys.  Cbemie,  vol.  16, 1895,  p.  362.    Also  Raylelgb,  ProcRoy. 
SOO.,  vol.  59, 1896,  p.  198. 

*  Gazz.  chim.  ital.,  vol.  28, 1898,  p.  81. 

*  Compt.  Rend.,  vol.  143, 1906,  p.  795;  vol.  146, 1908,  p.  435.    See  also  Moureu,  idem,  vol.  142, 1906,p.I1«5^ 
and  in  Re\nie  sci.,  1914,  p.  65,  for  a  thorough  review  of  the  whole  subject. 
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view  the  daasification  of  springs  is  comparatively  simple  and  follows 
the  lines  laid  down  in  the  preceding  chapters.  Waters  are  classed 
according  to  their  negative  radicles,  as  chloride;  sulphate,  carbonate, 
or  add  waters,  with  various  mixed  types  and  occasional  examples  in 
which  unusual  combinations,  such  as  nitrates,  borates,  siilphides,  or 
alicat€6,  appear.  The  classification,  however,  can  not  be  rigid,  and 
to  a  great  extent  convenience  must  govern  and  modify  the  usual 
roles.  Mixtures  such  as  we  have  now  to  consider  can  not  be  arranged 
according  to  any  hard-and-fast  system,  but  must  be  dealt  with  some- 
what loosely.  The  general  relationships  are  simple  and  evident,  but 
the  exceptional  cases  are  common  enough  to  modify  any  formal 
acheme  of  arrangement  that  might  be  adopted. 

CHIiORIDE  WATERS. 

The  literature  relating  to  mineral  springs  is  extremely  volimiinous, 
and  the  recorded  analyses  are  nun^bcred  by  thousands.  From  such 
amass  of  material  only  typical  or  striking  examples  can  be  utilized 
here  m  order  to  show  the  variations  in  composition  which  have 
been  observed.  As  the  chloride  waters  form  perhaps  the  most  con- 
spiciious  group,  we  may  properly  begin  with  them  and  consider  first 
the  solutions  which  upon  evaporation  yield  principally  sodium  chlo- 
ride. Waters  of  this  class  are  very  common,  and  range  from  potable 
^rings  to  brines  resembling  sea  water  in  saline  composition.  From 
such  brines  common  salt  is  commercially  obtained,  and  the  sub- 
joined table  gives  analyses  of  several  important  examples.^  The 
figoresrepresent  the  composition  of  the  anhydrous  saline  matter  con- 
tained by  the  several  waters,  each  analysis  being  reduced  from  the 
original  form  of  statement  to  percentages  of  ions. 

>  In  Ann.  R«pt.  Geol.  Survey  Canada,  vol.  15, 1902-3,  p.  236  S,  G.  C.  Hoffman  gives  12  analyses  of  brines 
bm Manitoba.  A  brine  from  a  welll,920  leet  deep,  at  Sand  Beach,  Michigan,  analysed  by  S.  P.  Duffield 
(G«oL  Surrey  MMiigan,  vol.  5,  pt.  2, 1805,  p.  82),  is  unusually  rich  in  bromine.  J.  W.  Turrentine,  U.  S. 
^^  Afr.,  Bur.  Soils  Bull.  No.  94, 1014,  gives  many  analyses  of  American  brines  and  bitterns.  For  the 
teioraOvflr  Peak  ICarsh.  Nevada,  see  R.  B.  Dole,  U.  S.  Geol.  Survey  Bull.  No.  530,  pp.  331-345, 1913. 

118750'— la— Bull.  e&5 12 
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Analyses  of  natural  hrintf. 


A.  Brine  (ram  Syneoae,  New  Yoflr.  Avarageof  fouranalsrawby  C.  A.  0<iieitiienTi,ppbUahedto>t>airt 
System  of  zninflRilogy,  6th  ed.,  p.  156. 

D.  Drine  from  Warsaw ,  New  York.  Analysis  by  F.  E.  Engelhardt,  Boll.  New  Voile  State  If  as.  Kb.  U, 
1803,  p.  38.    Many  other  analyses  are  given  hi  this  publication. 

C.  Brine  from  East  Saginaw,  Michigan.  Well  800  feet  deep.  Analysis  by  Goessmann,  Gaol.  Qomt 
Michigan,  vol.  3, 1873-1876,  p.  183. 

D.  Brine  from  Pomvoyr  Ohio.  Analysis  by  C.  W.  Foolk,  Boll.  Ohb  Geol.  Surrey  No.  8, 1906,  pu  & 
The  trace  of  iodine  represents  0.004  gram  Nal  per  liter. 

E.  Ilumboldt  salt  well.  Mimiesoto.  .\nalysis  by  C.  F.  Sldener,  Ann.  Rept.  Geol.  Survey  Minnewla, 
vol.  13, 1884,  p.  101. 

F.  Brine  from  Hutchinson,  Kansas.  Analysis  by  £.  II.  S.  Bailey  and  E.  C.  Case,  Univ.  Kansss  GeoL 
Survey,  voL  7, 1902,  p.  79. 

O.  Artosian  well,  Abilene,  Kansas.  Analysis  by  E.  n.  S.  Bailey  and  F.  B.  Porter.  Univ.  Kansas GtoL 
Survey,  vol.  7, 1002,  p.  130.    WeU,  1,260  feet  deep. 

II.  Bryan's  well,  Bistineau,  lA>uisiana.  Analysis  by  11.  Bird,  Report  on  geology  of  Louisiana,  I9Ca^ 
p.  40.    Many  other  analyses  of  salines  ore  given  in  this  volume.    The  brines  are  of  Cretaetous  origin. 
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Most  if  not  all  of  tho  foregoing  brines  were  formed  by  solution  from 
beds  of  rock  salt.  The  latter  undoubtedly  originated  from  tha 
evaporation  of  salt  lakes  or  sea  water,  and  in  geolc^cal  age  they 
range  from  the  Cretaceous  down  to  the  upper  Silurian.  The  New 
York  brines  are  from  Silurian  deposits.  The  Humboldt  well  is 
nearest  to  ocean  water  in  composition,  although  it  is  nearly  twice  as 
concentrated.  In  general,  the  proportion  of  sodium  chloride  is 
greater  than  in  sea  salts,  for  the  reason  that  that  compound  redis- 
solves  more  readily  than  the  gypsum  which  was  deposited  with  it. 
The  process  of  deposition  and  re-solution  thus  tends  to  separate  the 
constituents  of  the  original  water;  and  so  the  composUion  of  tho 
ancient  lake  or  ocean  is  not  exactly  reproduced. 
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following  analyses  also  represent  the  salts  from  chloride  waters 
m  which  sodium  is  largely  the  predominant  base: 

Analyses  of  chloride  waters — I. 

L Cutdnoatiartoslan  well,  Cincinnati,  Ohio.  Analysis  by  E.  S.  Wayne,  cited  l>y  A.  C.  Peale,  in  Bull. 
U.  i  GeoL  Samj  No.  32, 1885,  p.  133.    This  Crater  oontains  eutsiderable  quantities  of  free  H^S  and  COs. 

B.  Vifff  Bine  Lick  Spzfng,  Kentucky.  Analysifl  by  J.  F.  Judge  and  A.  Fennel,  dted  by  Peale,  op.  dt., 
piUL  Alnikfa  in  HsS  and  COs.  I  rqvesent  here  by  X  an  indeterminate  mixture  of  CasPtOt,  AliOs,  and 
hfii.  For  letter  analyses  of  the  Blue  Lick  springs,  by  R.  and  A.  M.  Peter,  and  for  anal>'ses  of  other 
aimlvitcrs  in  Kentucky,  see  Chase  Palmer,  Water-Supply  Papier  U.  S.  Geol.  Surrey  No.  233,  1909, 

a  looieaoo  spring,  Mlsaoiiri.  Analysis  by  P.  Sdiweitzer,  Geol.  Sun-ey  Missouri,  vol.  3, 1892,  p.  77. 
tti  volume  contains  many  analyses  of  Missouri  mineral  waters. 

D.  Ikap  veil  at  Bmnswidc,  Missouri.    D^th  1,505  feet.    Analysis  by  Schweitzer,  op.  dt.,  p.  97. 

K.  Uti!i  Hoi  Springs,  8  mfles  north  ti  Ogden,  Utah.  Temperature  55"*  C.  Analysis  by  F.  W.  Clarke. 
MU.  S.  Ge(d.  Survey  No.  9,  18S4,  p.  30. 

F.Spdngst  Pahoa,  New  Zealand.  .Vnalysis  by  W.  Skey,  Trans.  New  Zealand  Inst.,  vol.  10,  1877,  p. 
A  TUs spiiDg  is  notable  from  the  fact  that  it  contains  free  iodine.  According  to  J.  A.  Wanklyn  (Chem . 
Ni«s,?ol.  54, 1888,  p.  300)  the  water  of  Woodhull  Spa,  near  Lincoln,  England,  has  the  same  peculiarity. 
Ihtitduie  oiilarB  the  water  brown  and  ean  be  extracted  by  carbon  bisulphide. 

basaljnies  D  and  F  the  bicarbonates  of  the  original  statement  have  been  reduced  to  normal  salts. 


A 

B 

C 

D 

52.74 

E 

F 

a 

Br 

I  combined          

55.83 
.04 
.03 

53.08 
.51 
.02 

57.38 
.31 

58.79 
Trace. 

60.78 

Trace. 

.04 

I,ftee 

.11 

80, 

3.12 
2.63 

6.03 
2.34 

5.37 

8.36 
L88 

.94 
.61 

.15 

(XV 

.17 

!o^. ...      .: 

.05 

xi! 

33.09 
.27 

31.47 
.96 

28.  i7 
.15 

30.  is 

30.38 

3.76 

Trace. 

4.90 

.40 

3181 

K 

U 

.02 

Ci 

3.72 
1.13 

3.56 
1.57 

6.15 
2.30 

4.74 
2.09 

3.14 

»::::;:■■.•::::;::;:::::;:; 

.60 
.01 

Ufi. 

1 

.02 

s^.....  : :: 

_   _ 

Trace. 

ttfi, 

.06 
.08 

1 
........1 

aS^..             

MG 
.30 

.17 

.04 

.20 

.12 

I..!...              

• 

Siludty,  parts  per  million 

100.00 
10,589 

100.00 
11,068 

100.00 
8,509 

100.00 
15,905 

100.00 
23,309 

100.00 
21,060 

180 


DATA  OF  GEOCHEMISTRY; 


Analyses  of  chloride  water$ — J— Continued. 

G.  Water  of  Satoomaggiore,  Italy.  Analj-sis  by  R.  Nasini  and  F.  Anderllni,  Oais.  dilm.  iUL,  ToL  10^ 
i,  1900,  p.  305.  Contains  in  1,000  grams  0.00223  gram  Mn  and  0.00792  gram  BiOf.  These  are  len  than  iUA 
percent  of  the  total  solids. 

n.  The  Marienquelle,  Bavaria.  Analysis  by  A.  Lipp,  Ber.  Heutsch.  chem.  Gesell.,  vol.  30, 1K7,  p.aOOL 
Contains  also  much  free*  COs. 

I.  The  Kochbnmnen,  Wiesbaden,  Germany.  Analysis  by  C.  R.  Fresenins,  Jahrb.  Xaann.  Ver.  Sttat^ 
kunde,  vol.  50, 1807,  p.  20.  This  water  also  contains  0.000013  gram  Iodine,  0.00008  gnm  PO4,  and  (LOflOtt 
gram  ASO4  to  the  liter,  each  recorded  here  as  a  "trace."  For  other  anal>-ses  of  Wiesbaden  waters  seetiM 
same  Journal,  vol.  49,  1896,  pp.  22,  23. 

J.  Water  of  Arva-Polhora,  Hungary.  Analysis  by  W.  Kalmann  and  M.  Glaser,  Min.  pet.  lfitt.,iQL 
18, 1888-09,  p.  443.    Organic  matter,  about  0. 15  per  cent ,  Is  excluded  from  the  reduced  statement  heregivai. 

K.  Old  sulphur  well,  Harrogate,  England.  Analysis  by  T.  E.  Thorpe,  Jour.  Chem.  Boc..  vol.  39, 1881, 
p.  500.    The  memoir  contains  some  other  analyses. 

L.  Chloride  of  Iron  Spa,  Harrogate.  Analysis  by  C.  H.  Bothamley,  Jour.  Chem.  Soe.,  vol.  89, 1881,  p. 
502.    The  same  author,  In  vol.  63,  1883,  p.  685,  gives  analj'ses  of  waters  from-  Askem,  Yorkshire. 
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Although  sodium  chloride  is  the  principal  salt  obtainable  from  the 
waters  represented  by  the  preceding  analyses,  they  owe  their  interest 
to  other  things.  They  have  been  selected  from  the  great  mass  of 
published  material  in  order  to  show  the  extent  to  which  substances 
like  bromine,  iodine,  sulphur,  lithium,  barium,  strontium^  and  iron 
occur  in  waters  of  this  class.* 

To  these  minor  constituents  the  therapeutic  value  of  mineral  waten 
is  commonly  ascribed,  but  to  considerations  of  that  sort  no  attention 
can  be  paid  here.    The  last  analysis  given,  that  of  the  Chloride  of 

1  For  the  common  occurrcnco  of  8r,  Da,  Mn,  As,  etc.,  in  mineral  springs  see  J.  C.  Gil,  Btir.  AMI.  A-^ 
Madrid,  vol.  8, 1909,  p.  131.     See  also  W.  W.  Skinner  and  W.  F.  Baoghman,  Joor.  Ind.  Kilg.  OlMB.,  fib  ' 
^  J9J7,  p.  18.    On  seJeninm  in  mineral  waters  see  F .  Taboury,  Dull.  Soc.  rfilm.,  4th  aer.,  toL  fi^  1908^  pi  9k 
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btm  9pa  at  Harrogate,  is  interesliiig  as  marking  a  tnLosition  to 
soother  group  of  chloride  wateis,  in  idiich  the  {voportion  of  sodhm 
is  decreased  and  large  qnantitieB  of  caknnn  appear.  Somedmes 
magoeeium  is  also  abundant;  for  example,  in  salts  from  the  groap 
d  springs  at  Kapouran,  Java,  S.  Meonier  ^  found  54.2  per  cent  of 
calcium  chloride  and  40.65  per  cent  of  magnesium  chloride.  The 
following  analyses  are  characterized  by  the  presence  of  calcium  in 
luge  proportion:' 

Analtfses  o/dUoride  walen — //. 


JL  BriDB  from  well  2,667  feet  deep  st  CommnfcmDcv  FuoBjfvasJx.    Asaij^i  tr  JL  £.  Rfrf-jrwon 
CF.MAbery,Joar.  Am.  Cliem.8oe.,ToLlS»UB^|iL9UL    A  littfe  Ha5  h  preaecs. 

B.  WeQat  Bowerman*8  miDs,  Whitby,  CodmIx  AeaIjw  bj  T.  Ssarr  Hi=3,  G««kcr  cf  Cuada.  ues, 
p^W.  Analyse^  of  other  waters  ve  giTcn  in  this  mesoir. 

C  Witef  from  well  192  ieet  deep,  Wiritonlin  Ishnd,  Lain  Hqron.    Asahrss  br  T.  Scstt  Hsnt, 
M  nd  geological  essays,  1875,  p.  US. 

D.  Water  from  tfaie  Silver  Islet  mine.  Lake  Sopoior.    Axttlys»  by  F.  D.  Addzu.  .las.  Bepe 
tewy  Canada,  new  ser.,  voL  1,  IffiS,  p.  17  M. 

£.  Water  from  the  lower  level  of  the  Qoincy  Edne,  Hanoorfc,  HVftigvi  .Vjulysb  by  G.  Steicer  ia  the 
bbontoryorthe  United  States  Geoksical  Surrey. 

f.  Water  from  boring  on  Kanab  Creek,  near  Port  Haoey,  British  Cohznbii.  AssJj^  by  F.  G.  Wait, 
Abl  Bept.  Geol.  Snrvey  Canada,  vol.  5^  ii,  new  sir.,  UQO-91,  p.  22  B. 

G.  BoOiog  spring  at  Sava-^vo,  Fi]L  Analysis  by  A.  Liverfidce,  Proc.  Rot.  5or.  Nev  Sooth  Wales. 
vol  14,1880,  p.  147.     Fart  of  the  abmiinmn  in  this  water  is  reported  as  AlCIs  and  portal  AIt<V 

H.  Water  from  People's  Natural  Gas  Well,  8  miles  sooth  west  of  Imperial,  Washington  Coonty,  Pautsyl- 
vnia.  Specific  gravity,  1.211.  Depth  of  wdl  when  sample  w^  taken,  6,300  feet.  Aiulrd?  by  G.  Steiger 
h  the  bbontory  of  the  Survey. 
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^Gompt.  Rend.,  voL  103, 1886,  p.  1205. 

* fo  also  the  analysb  or  brine  from  a  well  at  Alma,  Michigan,  by  C.  F.  Chandler  and  C.  E.  PgHow,  OooL 
^rtf  Ifiebigan,  vol.  5,  pt.  2, 1884,  p.  4e.  Also  one  of  water  from  the  Freda  well,  Keweenaw  Point,  Mlchl- 
•i.»Or  0.  A,  Kteig,  Bept.  State  Board  Qeol.  Survey  Michigan,  1903,  p.  165.  In  the  dcop.«catod  waters 
"— ilTsln  Boperior  caldnm  chloride  seems  to  be  an  important  constituent.  These  waters  have  been 
<*iMlritidied  by  A.  C.  Lane,  Jour.  Canadian  Mta.  Inst.,  vol.  12, 1909,  p.  114,  and  Proc.  Lako  Superior 
*Httt,M08>p.«3. 
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The  water  represented  by  analysis  H  is  remarkable  for  its  high  propor- 
tion of  strontium — 3.55  grams  per  kilogram,  equivalent  to  6.8  grams 
of  SrCla  per  Uter.    A  trace  of  barium  was  also  detected  in  the  water. 

The  next  table  contains  analyses  of  waters  belonging  to  the  chloride 
group,  but  in  which  notable  quantities  of  other  acid  radicles  are  also. 
present.     The  chlorine,  however,  predominates. 

Analyses  of  chloride  waters — III. 

A.  Congross  Spring,  Saratoga,  New  York.  AnalyMi  by  C.  r.  Chandler,  citM  by  A.  C.  PMle  in  BA 
i;.  S.  Oeol.  Survey  No.  32,  1880,  pp.  38,  39. 

D.  Ilathom  Spring,  Saratoga,  New  York.  Analysis  by  Chandler,  loe.  oit.  For  recent  analyses  of  tbe 
H^thom  and  twelve  other  Saratoga  waters,  see  J.  K.  Haywood  and  B.  II.  Smith,  Boll.  Bur.  Chcmlrtiy 
No.  91,  U.  8.  Dept.  Agr.,  1906.  For  5  more  analyses  see  L.  R.  Hllford,  Jour.  Ind.  Eng.  Chem.,  voL  % 
1914,  p.  207. 

C.  FrankUn  artesian  well,  Ballston,  New  York.  Analysis  by  Chandler,  op.  dt.,  p.  33.  These  watcn 
(A,  B,  and  C)  are  all  reported  as  containing  bicarbonates,  which  in  Uie  present  tabulatloii  are  redooed  to 
normal  salts.  They  all  effervesce  because  of  their  largo  content  in  tree  CO|.  The  PO4  In  A  and  C  anumnti 
to  0.01  grain  i)er  gallon. 

D.  Artcsiaa  well  at  liouisville,  Kentucky.  Analysb  by  J.  Lawrence  Smith,  dtcd  by  Peale,  op.  dt, 
p.  115.    Bicarbonatos  reduced  to  normal  salts.    Lithium  is  reported  as  0.02  grabi  per  gBlkm. 

£.  Steamboat  Springs,  Nevada.    Analysis  by  W.  H.  HelvUle,  given  by  O.  F.  Becker  In  Mon.  U.  8.  * 
Geol.  Survey,  vol.  13, 1888,  p.  349.    Bicarbonatos  reduced  to  normal  salts.    The  "trace"  of  Iron  lepiUiwU 
0.14  pait  per  million.    From  a  geological  point  of  view  this  water  is  out  of  Its  proper  dassiflcatiOD.    It  b 
a  volcanic  water,  whereas  the  other  waters  in  the  table  are  of  sedimentary  origin. 

F.  Lonsdowne  well,  Cheltenham,  England.  Analysis  by  T.  E.  Thorpe,  Jour.  Cham.  80c,  vol.  O^ 
1894,  p.  772.    The  "trace  "  of  bromine  is  0.3  part  and  that  of  iron  0.1  part  per  million. 

G.  The  StanisbwaqueUe,  near  K&rbdorf,  Galida.  Analysis  by  Von  Donln-Waaowki  and  J.  Harowtti, 
Chcm.  Centralbl.,  1999,  pt.  2,  p.  491.  Bicarbonatos  reduced  to  normal  salts.  The  NOn  amounts  to  6uOi 
part  per  million.  One  kilogram  of  this  water  contains  2.157232  grams  of  free  COs  and  0.10605  gram  of 
organie  matter. 
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BUIaPHATE  WATERS, 

The  solpliate  ^waters,  or  the  waters  in  which  SO4  is  the  principal 
negi^  ion,  fall,  like  the  chloride'waters,  into  several  groups,  which 
iihide  one  into  another  by  imperceptible  gradations.  Among  potable 
wntere  of  this  class,  those  which  upon  evaporation  yield  chiefly  cal- 
(ama  sulphate  are  by  far  the  most  common.  Many  examples  of  such 
waters  were  cited  among  the  analyses  of  rivers.  As  a  rule,  on  account 
of  the  slight  solubility  of  gypsum,  their  salinity  is  relatively  low. 
Waters  of  this  type  are  frequently  f oimd  in  so-called  mineral  springs. 
OHier  waters  of  medicinal  sigmficance  are  essentially  solutions  of 
BiagDesium  sulphate  or  sodium  sulphate;  still  others  contain  sul- 
I^iates  of  aluminum  or  iron,  and  a  small  group  of  waters,  derived 
from  the  oxidation  of  sulphides,  carry  heavy  metals  in  considerable 
quantity.  Examples  of  these  different  classes  are  given  below,  and 
some  sulphate  waters  which  contain  free  acids  will  be  considered  in 
a  special  group  later.  The  following  analyses  are  sufficient  for  pres- 
oit  purposes: 

Analyses  of  tulphate  waters. 

L  JLbikiia  vreU,  14  milas  northwest  of  Abilene,  Kansas,  130  feet  deep.  Analysis  by  £.  H.  S.  Bailey 
IUt.  Geol.  Smrey  Kansas,  toL  7, 1902,  p.  166.  The  "  traces  "  refer  to  4  parts  Not  and  3.2  parts  Fe  per 
idBca  of  water. 

B.  Spriof  nmt  Denver,  Colorado.  Analysis  by  L.  0.  Eakins,  BuU.  U.  S.  Oeol.  Survey  No.  60, 1800, 
p.ni  Contains  210  parts  of  free  COs  per  million. 

C.  Oottsge  well,  Cheltenham,  England.  Analysis  by  T.  E.  Thorpe,  Jour.  Chem.  Soc.,  vol.  65, 18IN,  p.  772. 
CtaWns  oj  part  ol  Fe  per  million. 

D.  Bitt«r spring  at  Las,  Austria.  Analysis  by  A.  Kauer,  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  20, 1870, 
^1U.  Contains  free  COf. 

B.  Wskrfrom  Cruzy,  H^rault,  Franoe.  Analysis  published  by  Braconnier,  Annales  des  mines,  8th  ser., 
^  7,  uas,  p.  143.  From  a  weU  14  meter»deep  in  an  old  gypsum  quarry.  The  fissures  around  the  well 
•lUud  with  flbrous  epaomite. 

f«  fit.  LorenzqueUe,  Leuk,  Switxerland.  Analysis  by  G.  Lunge  and  R.  £.  Schmidt,  Zeitschr.  anal. 
Ctenie,  vol  25, 1886,  p.  300.  Contains  a06  part  Li,  0.(&  part  NHi,  0.05  part  Fe,  and  0. 1 1  part  Mn  per  mil- 
liift-inaMhcase  len  than  0.01  per  cent  of  the  total  soUds. 
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AnabfMes  o/mlpkuU  watar§ — Goniunied. 


0.  Spring  at  Srabrenlca,  Bosnia.  Analysis  by  E.  Ludwig,  If  in.  pet.  IfiU.,  vol  11, 188M0,  p.  801;  U7 
per  cent  of  Iree  HxSO«  has  been  here  added  to  the  figure  for  the  8O4  radicle.  A  little  organic  matttt  (ILS 
parts  per  million)  is  also  present.  On  p.  308  of  the  some  volume  Ludwlg  gives  an  analysis  of  an  aflid  watff 
rich  in  aluminum  sulphate  from  BQdOs,  Transylvania.  Other  popera  in  the  volume  give  a  nonilMr  tf 
important  analyses  of  springs  in  Bosnia  and  Tnnsylvania.  Some  waters  containing  miusual  amoootsif 
strontium  are  mentioned  in  Rept.  State  Board  Geol.  Survey  Hichigan,  1006,  p.  65S. 

H.  Alumwell,  Versailles,  Missouri.    Anal3rsi8  by  P.  Schweitzer,  Qeol.  Survey  Missouri, vol  S,  1808, p.  UL 

1.  Water  from  RonoQgno,  southern  Tyrol.  Analysis  by  M.  Glilser  and  W.  Kalmann,  Bcr.  DeutKk. 
chem.  GeselL,  vol.  21 ,  18S8,  p.  2870.  For  a  later  analysis  of  Roncegno  water  see  R.  Kasini,  M.  G.  Levi,aBl 
F.  Ageno,  Gazt.  chim.  itol.,  vol.  30  (2),  1000,  p.  481.    They  cite  another  analysis  by  P.  Spica. 

J.  Arsenical  spring,  S.  Orsola,  southern  Tyrol.  Analj'sis  by  C.  F.  Eichleiter,  Jahrb.  K.-k.  geol.  Rikl» 
an^talt ,  vol.  57, 1007,  p.  520.    The  trace  of  Ni  is  0.003  per  cent. 

K.  Spring  on  Shoal  Creek,  4^  miles  west  of  Joplin,  Missouri.    Analysis  by  W.  F.  Hlllebrand,  BolL  U. fll* 
Geol.  Survey  No.  113, 1803,  p.  40.    Total  COs  free  and  combined,  120.5  parts  per  million.    A  tmobcllnA 
is  also  reported.    The  water  of  Spring  River,  in  eastern  Kansas,  also  contains  dnc,  derived  from  the ditis- 
age  of  adjacent  mines.    See  £.  H.  S.  Bailey,  U.  S.  Geol.  Sur\'ey  Water-Supply  Papers  Nos.  273, 351, 19IL 
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The  Roncegno  and  S.  Orsola  waters  evidently  derive  their 
constituents  from  metallic  sulphides^  apparently  in  great  part  fio^ 
arsenical  pyrites.    Arsenical  waters  are  not  uncommon,  and  some   ^^ 
them  contain  enough  arsenic  to  be  poisonous.    The  water  from  Sho«* 
Creek  represents  the  oxidation  of  zinc  blende,  together  with  soi:**^ 
reaction  upon  the  adjacent  limestones,  from  which  its  calcium  aS*^ 
carbonic  ions  were  obtained.    It  is  essentially  the  same  thing  ad  * 
mine  water,  although  it  is  not  derived  from  any  artificial  openiulf* 
For  comparison,  three  analyses  of  mine  waters,  carried  out  in  th^ 
laboratory  of  the  Geological  Survey,  are  appended.    Two  of  them  bxB 
zinc  waters;  the  third  is  a  strong  solution  of  copper  sulphate.    Such 
waters  play  an  important  part  in  the  leaching  and  reprecipitation  of 
ores  and  will  be  more  fully  considered  later. 
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Analyses  of  mine  waters. f^ 

A,  B.  Two  mine  iratcrs  fitym  UieMlssoiiri  tlno  region,  analyzed  by  H.  N.  Stokes.  Two  similar  waten 
tai the aiM  region  wore  analysed  by  C.  P.  Williams,  Am.  Chomist,  \'ol.  7, 1877,  p.  246. 

C.  Witcrfrom  the  Ifoantaln  View  mine,  Butte,  Montana.  Analysis  by  W.  F.  Hillebrand.  Spedfic 
^iTttf,  1.1317  at  15*  C.     Contains,  in  parts  per  million,  3.5  Xi,  4.0  Co,  6.8  K,  and  1.5  PO4. 
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Cd 

Al 
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.07 
.06 
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4,232 

100.00 
9,754 

100.00 
117, 850 

a  For  other  analyses  of  mine  waters  see  Chapter  XV  of  this  memoir. 

Two  other  examples  of  intermediate  waters,  containing  both  sul- 
phates and  chlorides,  but  with  the  former  in  excess,  may  be  cited 
here.    Both  are  from  Indiana,  and  the  analyses  are  by  W.  A.  Noyes. 

Analyses  of  sulphato^loridc  u^aUrs. 

A.  King's  mineral  spring,  near  Dallas.  Twenty-sixth  Ann.  Kept.  Indiana  Dcpt.  Geology,  1901,  p.  32. 
^^QBtiiiu  trKcs  of  Al,  Fe,  Ba,  Sr,  Li,  Mn,  Ni,  Zn,  Br,  PO4,  and  B4O7.  This  volume  contains  an  elaT>orate 
itpon apoo  the  mineral  waters  of  Indiana,  in  which  many  other  analyses  are  cited. 

E.  West  Bxien  Spring.  Op.  cit.,  p.  109.  Contains  traces  of  Al,  Fc,  Ba,  6r,  I.i,  Br,  I,  I'O^,  and  B4O7. 
•^315  parts  of  HsS  per  million  of  water. 
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CARBONATE  WATERS. 

The  carbonate  waters,  those  in  which  CO,  or  HCOa  is  the  principal 
negative  ion,  fall  into  two  main  subdivisions,  calcium  being  the  im- 
portant base  in  one  and  sodium  in  the  other.  A  large  number  of 
lake  and  river  waters,  as  we  have  already  seen,  belong  to  the  first  of 
these  groups,  and  so  do  many  springs  of  the  usual  potable  type; 
waters  of  the  second  group,  however,  are  not  uncommon.  In  most  of 
these  waters  the  carbonic  acid  present  is  sufficient  to  form  bicarbon- 
ates — a  condition  which  renders  it  possible  for  calcium,  magnesiiun, 
and  iron  to  remain  in  solution.  Upon  evaporation  of  such  waters, 
CaCOs  and  MgCO,  are  deposited,  while  the  ferrous  bicarbonate  is 
broken  up,  and  insoluble  FcjO,,  or  some  corresponding  hydroxide,  is 
formed  by  oxidation.  The  anhydrous  residue  in  such  cases  contains 
no  bicarbonates,  but  the  latter  may  exist  when  sodium  is  predomi- 
nant. The  salt  NaHCO,  is  moderately  stable.  ^  On  account  of  these 
peculiarities,  which  charact^ize  the  carbonate  waters,  it  seems  best 
to  state  their  analyses  in  two  ways — one  with  bicarbonate  ions  (when 
they  are  given)  in  terms  of  parts  per  million,  the  other  in  percentages 
of  anhydrous  residue,  as  in  all  the  preceding  tables.  Each  form  of 
statement  has  its  advantages,  but  the  second  method  gives  the  best 
comparison  between  different  waters.  The  following  analyses  repre- 
sent waters  of  the  carbonate  typo:* 

Analyses  of  carbonate  waters. 

A.  McClelland  well,  Cass  04x11117,  Missouri.  Ana)3rsis  by  P.  Schweitzer,  Geol.  Survey  Missouri,  vol.  S, 
1893,  p.  ISl, 

B.  Ariosiau  water.  La  Junta,  Colorado.  Wei  1386  feet  deep.  Analysis  by  W.  F.  Hillebrand  in  the  labo- 
ratory of  the  United  States  Geological  Survey. 

C.  OJo  (^aliente,  near  Taos,  New  Mexico.  Analysis  by  Hillebrand,  Bull.  U.  S.  Geol.  Survey  No.  IIS, 
1883,  p.  114 .  Traces  of  As,  NOs,  Ba,  NU4,  and  possibly  I,  wtere  fbond.  For  the  geologic  rolatioos  of  Ojo 
Caliente  see  W.  Lindgren,  Kcon.  Geology,  vol.  5, 1910,  p.  22. 

D.  Tho  Grande-Grille,  Vichy,  France.  Analysis  by  J.  Bouquet,  Annalcs  cfaim.  pbys.,  3d  ser.,  vol.  4St, 
1854,  p.  301.    Analyses  of  other  Vichy  waters  andiheir  sediments  are  given  in  this  memoir. 

E.  Spring  at  Ilikutaia,  Puriri,  district  of  Auckland,  New  Zealand.  Analysb  by  W.  Skey,  Trans.  New 
Zealand  Inst.,  vol.  10, 1877,  p.  428. 

F.  Excelsior  Springs,  Missouri.  Analysis  by  W.  V.  Mason,  Chem.  News,  vol.  Gl,  1890,  p.  123.  This 
water  is  notable  for  the  relatively  large  amount  of  manganese  which  it  contains. 

G.  Spring  in  Pino  Creek  valley,  near  Atlin,  British  Columbia.  Analysis  by  F.  G.  Wait,  Ann.  Kept. 
Geol.  Survey  Canada,  1900,  p.  49  H.    This  water  deposits  hydromagnesite  and  calcareous  tufa. 

H.  Wilhelmsquelle,  Karlsbnmn,  Austrian  Silesia.  Analysts  by  E.  Ludwlg,  Min.  pet.  Mitt.,  vol.  4, 1982, 
p.  1S2. 

I  Some  interesting  carbonate  waters  flrom  Colorado  are  described  by  W.  P.  Headden  in  Am.  Jour.  BA., 
4th  ser.,  vol.  27, 1909,  p.  305. 
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Analjfses  of  carbonate  watert — Continued. 

I.  Fvta  per  millioa  of  wmter. 
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The  water  of  Ojo  Caliente  is  noticeable  011  account  of  its  content  of 
ftioriae.  This  element  is  rarely  determined  in  water  analyses,  but 
B  almost  invariably  present.  According  to  A.  Gautier  and  P. 
^^J^Maaim,*  its  Quantity  in  snrinfir  waters  raneres  from  0.30  to  6.32 


I  Compt.  Rend.,  vol.  158,  p.  1631, 1914. 


} 


188 


DATA  OF  GEOCHEMTSTBT. 


milligrams  per  liter,  being  highest  in  wateirs  issuing  from  areas  of 

eruptive  rocks.    The  highest  values  of  all  were  found  in  the  wateis 

of  Vichy.* 

WATERS  OF  MIXED  TYPE. 

The  following  analyses,  which  are  all  reduced  to  the  normal  stand- 
ard, represent  waters  of  mixed  type,  chlorides  with  carbonates;  sul- 
phates with  carbonates;  or  chlorides,  carbonates,  and  sulphates  all 
together.  Waters  of  this  character  are  very  common,  and  show 
almost  every  stage  of  intermediate  gradation. 

Analyses  of  waters  of  mixed  type, 

A.  Tho  Virginia  Ilot  Springs,  Virginia.  Average  of  six  springs,  analysed  by  F.  W.  Clarice,  Bnll.  U.  8. 
Geol.  Survey  No.  9,  ISW,  p.  33. 

B.  The  Life  well,  Fairhaven  Springs,  Missouri.  Analysis  by  V.  Hchweitter,  Geol.  Survey  Missouri,  vol.l^ 
lM)2,p.  174. 

C.  De^p  well,  Macomb,  Illinois.    Analyzed  by  G.  Stciger  in  the  laboratory  of  the  Tnited  States  Geologioil 

Survey. 

D.  Cleopatra  Spring,  Yellowstone  National  Park.  Analysis  by  F.  A.  Gooch  and  J.  E.  Whitfield,  BoD. 
U .  S.  Geol.  Survey  No.  47, 1888,  p.  3C.    Free  CDs,  354  parU  per  million. 

£ .  Orange  Spring,  Yellowstone  National  Park.  Analysis  by  Gooch  and  Whitfield,  op.  clt.,  p.  38.  Free 
COs,  92  iiarts  per  million. 

F.  Kdnigsquelle,  Bad  F.lster,  S&xoDy.  Analysis  by  R.  Flechsig,  cited  by  A.  Goklberg,  15,  Ber.  Natonr. 
Gesell.  Chemnitz,  1904,  pp.  74, 108.  This  memoir  is  a  monograph  on  the  mineial  wateis  of  Saxony  and 
contains  many  analyses.    Bicarbonatos  reduced  to  normal  salts.    Free  COs  is  also  present. 

G.  The  Sprudel,  Carlsbad,  Bohemia.  Analysis  by  F.  Bagsky,  dted  by  Roth,  ADgemeine  nnd  cbendsdie 
Geologic,  vol.  1,  p.  5C9.  Contains  0.7004  gram  free  and  half-combined  COsper  kilogram.  Also  traces  of  Br, 
I,  Li,  B,  Rb,  and  Cs. 

U.  Chalybeate  water,  Mittagong,  New  South  Wales.  Analysis  by  J.  C.  11.  Mingaye,  Proc.  Roy.  See. 
New  South  Wales,  vol.  2ti,  1882,  p.  73.  A  very  unusual  water.  In  the  same  memoir,  Mingaye  gives  menj 
other  analyses  of  Australian  spring,  artesian,  and  well  ^'atcrs. 
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225 

1  According  to  De  Goavenaln  (Compt.  Rend.,  vol.  76.  1873,  p.  1063),  Vichy  water  contaiiis  7,6  parts  of 
fluorine  per  million.  In  the  water  of  Bourbon-rArchambault  2.G8  parts  of  fluorine  were  fdund.  For  otbor 
examples  of  water  containing  fluorine  see  J.  C.  Oil.  Mem.  Acad.  Barcelona,  vol.  1. 180&  p.  420;  A.  F.  dt 
Silva  and  A.  d'Aniiar,  Bull.  Soc.  chim.,  8d  ser.,  vol.  21,  lfi90,  p.  887;  C.  Lepierre,  Compt.  Rend.,  vol.  17^ 
1899,  p.  1289;  J.  Casares,  Zdtsehr.  anal.  Chemie,  vol.  34,  1895.  p.  546;  vol.  44, 1906,  p.  729;  and  P.  Cvkit 
Compt.  Rend.,  vol.  144,  1907.  p.  37.  Carles  rarely  failed  to  detect  fluorine  in  mineral  waters,  commonhf 
from  0.002  to 0.001  gram  per  liter.  In  one  Vichy  water  he  found  0.018  gram,  his  maximum.  Tmsis  18  pacts 
trnuJlicoj. 
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SIIilCEOnS  WATERS. 

Waters  characterized  by  a  large  relative  proportion  of  silica  are 
common,  and  a  number  of  examples  were  noted  among  river  waters, 
iTuguay  Rivc^    forming    an  extreme  case.     Springs    issuing  from 
feldspathic  rocks  are  likely  to  contain  silica  as  a  chief  inorganic  con- 
stituent, but  the  absolute  amount  of  it  is  generally  small.     In  volcanic 
waters,  on  the  other  hand,  and  especially  in  geyser  waters,  the  siUca 
may  reach  half  a  gram  to  the  hter,  and  sometimes  even  more.^     It  is 
usually  reported  as  SiO,;  although  in  some  cases,  when  the  ordinary 
acid  radicles  are  insufficient  to  satisfy  the  bases,  it  becomes  necessary 
to  assume  the  existence  of  siKcates,  even  if  their  precise  nature  is 
unbown.     For  such  waters  it  is  convenient  to  report  this  saline  silica 
ia  the  form  of  the  metasilicic  radicle  SiOj,  the  dried  residue  being 
supposed  to  contain  the  sodiimi  salt  Na^SiO,;  but  this  is  hardly  more 
than  a  convenient  device  for  evading  a  recognized  uncertainty.     In 
sdution,  according  to  L.  Eahlenberg  and  A.  T.  Lincoln,'  sodium 
metasilicate  is  hydrolyzed  into  colloidal  siUca  and  sodium  hydroxide; 
and  this  conclusion  was  also  reached  by  F.  Kohlrausch  '  about  five 
fears  earlier,  although  he  stated  it  in  a  more  tentative  form.     In 
natural  waters,  then,  siUca  is  actually  present  m  the^colloi.^  state 
and  not  in  acid  ions.    On  evaporation  to  dryness  the  sihcate  may 
form,  but  only  when  there  is  a  deficiency  of  other  acid  groups.     Such 
a  deficiency  is  indicated  by  a  pronounced  alkaUnity  in  any  highly 
siliceous  water. 

For  convenience  the  siUcic  waters  are  divided  below  into  two 
groups — ^first,  two  waters  are  given  which  are  probably  not  of  volcanic 
origin;  second,  a  number  of  geyser  waters  appear  in  a  table  by  them- 
selves.   The  first  two  waters  are  rather  dilute. 

■  For  example,  the  Opal  Spring,  in  the  YeUowstone  National  Park,  carries  0.70a0  gram  of  siUca  por  kiJo- 
CniB  ol  water.  The  analyses  of  Uie  YeUowstone  Park  waters,  originally  published  in  U.  8.  Geol.  Survey 
^oH  So,  47,  are  also  reprinted  in  Water-Supply  Paper  No.  354. 

WoQf.  Phys.  Chem.,  vol.  2, 1888,  p.  TT^* 

'Zcitscfar.  physikal.  Cbemie,  voL  12, 1898,  p.  773. 
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Analyses  of  silicic  waters  of  nonvolcanic  origin. 

A.  Big  Iron  Spring,  Hot  Springs  of  Arkansas.  Analysis  by  J.  K.  Haywood,  Rcpt.  to  U.  S.  Dept. 
Interior,  19Q2.  This  is  a  typical  water,  selected  trom.  among  the  46  springs  which  were  analyzet^ .  All  tho 
hot  springs  in  this  group  are  very  much  alike.  Haywood  reports  his  carbonates  wholly  as  bioarbonatef, 
and  his  figures  are  here  restated  in  normal  form— that  is,  HCOs  has  been  recalculated  into  the  proper  quan- 
tity of  COs  corresponding  to  the  normal  salts. 

B.  Cascade  Spring,  Olette,  eastern  Pyrenees.  One  of  six  analyses  by  £.  Willm,  Compt.  Bend.,  roL 
104, 1887,  p.  1178.  Temperature,  79.4*  C.  In  this  water,  which  might  also  be  classed  as  a  sulphur  wster, 
the  radicle  S^Os  represents  the  presence  of  thiosulphates,  produced  by  the  pctftial  oxidation  of  sulphides. 
Ttdosulphates  have  also  been  reported  in  other  waters,  and  several  examples  ftom  Indiana  are  cited  In 
Twenty-sixth  Ann.  Rept.,  Indiana  Dopt.  Geology,  1901,  pp.  70,  81,  86. 
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a  2^.8  in  the  ongtnal.  where  bicarbonates  are  included.  In  that  statement  HCOj  forms  fl0.03  per  cent 
of  the  saline  matter.    This  ^ater  might  be  equally  well  classed  with  the  carbonate  waters. 

For  geyser  waters  and  waters  of  similar  character  the  data  are 
abundant  and  only  a  few  examples  need  be  utilized  here. 

Analyses  0/ siliceous  geyser  waters. 

C.  Coral  Spring,  Norris  Basin,  Yellowstone  National  Park. 

D.  Echinus  Spring,  Norris  Basin. 

E.  Bench  Spring,  Upper  Oey^r  Basin,  Yellowstone  National  Pork. 

F.  Old  Faithful  Geyser,  Upper  Geyser  Basin. 

G.  Excelsior  Geyser,  Midway  Basin,  Yellowstone  National  Park.  Analyses  C  to  O  by  F.  A.  Ooodi< 
and  J.  E.  Whitfield,  Bull.  U.  S.  Gcol.  Survey  No.  47,  1888.  A  number  of  other  geyser  waters  were  ana- 
lyzed and  are  reported  in  this  memoir.  The  figures  given  here  vary  somewhat  from  the  original  state- 
ments, haviag  been  recalculated  on  a  different  basis.    Tho  discrepencies,  however,  are  very  slight. 

II.  Great  Geyser,  Iceland.    Analysis  by  Sandberger,  Ann.  Chcm.  Phorm.,  vol.  62, 1847,  p.  49. 

I.  Tc  Torata,  Rotorua,  New  Zealand.  The  water  which  formed  tho  white  terrace  of  Rotomahana.  A 
large  excess  of  silica  over  bases,  represented  as  8iOt. 

J.  Otukapuorangi,  Rotorua  geysers.  The  water  of  the  pink  terrace.  Ezcees  of  silica  very  small.  Anal- 
yses I  and  J  by  W.  Skey,  Trans.  New  Zealand  Inst.,  vol.  10,  1877,  p.  423.  Thirteen  other  analyses  are 
given  in  the  memoir.  J.  S.  Maclaurin,  in  Thirty-ninth  Ann.  Rept.  Colonial  Laboratorj',  Mines  Dejrt., 
New  Zealand,  gives  23  analyses  of  mineral  springs  la  New  Zealand.  Several  of  them  are  very  high  in 
silica.  See  ako  the  Forty-accond  Report.  For  early  analyses  of  Yellowstone  waters  see  H.  Leftman, 
Am.  Jour.  Sci.,  3d  ser.,  vol.  25, 1883,  pp.  101, 351.  Analyses  of  several  Icelandic  geyser  waters  are  given  by 
A.  Damour  in  Annales  chim.  phys.,  3d  ser.,  vol.  19, 1847,  p.  470. 
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NTTBATB,  PHOSPHATE,  AND  BORATE  WATERS. 

Although  waters  containing  small  quantities  of  nitrates,  borates, 
or  phosphates  are  not  uncommon,  waters  in  which  these  compounds 
are  conspicuous  are  rare.  Melville's  analysis  of  Steamboat  Springs 
has  already  been  cited,  and  the  salts  from  that  water  contain  nearly 
9  per  cent  of  the  radicle  B4O7,  corresponding  to  about  11.5  per  cent 
of  anhydrous  borax.*  Nitrates  are  usually  regarded  as  evidence  of 
pdhtion  in  waters,  but  they  do  not  necessarily  indicate  pollution. 
In  arid  regions,  where  nitrification  goes  on  rapidly,  nitrates  may 
occur  in  considerable  amounts;  some  of  the  underground  waters  of 
Arizona  contain  as  high  as  160  parts  per  miUion  of  nitrogen  in  this 
fonn.'  The  following  analyses  probably  represent  extreme  examples 
of  phosphates,  borates,  and  nitrates  in  natural  waters :' 

*  Boric  add  in  natoral  waters  has  been  discussed  by  L.  Dleulalait  in  Compt.  Rend.,  vol.  93, 1881,  p.  224; 
^  %  1882,  p.  1352;  and  vol.  100,  1885,  pp.  1017,  1240.  According  to  L.  Kahlenberg  and  O.  Schreincr 
(Zittxiir.  phyalkal.  Chemie,  vol.  20,  189C>,  p.  M7),  the  group  B4O7  is  not  the  true  ion  of  the  borates.  It 
itaeoiiTailent  expression,  however,  for  the  negative  radicle  of  borax. 

•8ee  W.  W.  Skinner,  Bull.  Arizona  Expcr.  Sta.  No.  40, 1903. 

*  Tlie  mtnenl  water  of  Cherrydale,  Virginia,  is  also  rex>ortcd  to  be  rich  in  nitrates.  See  analysis  by  J.  K. 
^Btjvood  and  B.  H.  Smith,  of  a  commercial  bottled  sample,  in  Bull.  Bur.  Chemistry  No.  91,  U.  S.  Dcpt. 
Api IW,  p.  54.  Several  springs  in  Massachusetts,  reported  by  W.  W.  Skhmer  (Bull.  Bur.  Chemistry 
^>  in,  1911),  are  also  remarkably  high  in  nitrates. 
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Analyses  of  nitraU^  phosphaUf  and  borate  waters, 

A.  Uot  spring  from  sulphur  btnk  oa  the  margiii  of  Clear  Lake,  CaUfomio.  Analyais  by  G.  E.  Moan, 
Qeol.  Survey  California,  Geology,  1806,  p.  99.  In  the  original  the  carbonates  are  given  as  bicarbonates,  and 
ftmmnninm  bicarbonate  is  reported  to  the  extent  of  107.76  grains  per  gallon.  So  great  a  proportimeC 
ammonium  in  a  water  is  extraordinary,  although  one  add  water,  dted  later  (p.  194),  surpasses  it.  In  Ihs 
tabulation  the  bicarbonates  are  reduced  to  normal  salts. 

B.  Hot  water  from  the  Hermann  shaft.  Sulphur  Bank,  California. 

C.  Hot  water  from  the  Parrott  shaft.  Sulphur  Bank.  Analyses  B  and  C  by  W.  H.  MelviUe,  died  bf 
G.  F.  Becker,  Mon.  U.  S.  GeoL  Survey,  vol.  13, 1888,  p.  2S9.  Some  organic  matter,  a  little  HsS,  and  aMOp 
siderable  amount  of  COs  are  reported  in  these  waters. 

D.  Phosphatio  water  from  Vfry,  Scine-ot-Oisc,  France.  Analyais  by  Bourgoin  and  Chastaing;  abstitflt 
in  Jour.  Chem.  Soc.,  vol.  54, 1888,  p.  354.  The  water  issues  from  a  gallery  cut  in  day.  BiearbooatesrednBld 
to  normal  salts. 

E.  Spring  * '  Valctte,"  at  Cransac,  A  veyron,  France.  One  of  nine  analyses  by  A.  Camot,  Compt.  B»dn 
vol.  Ill,  1890,  p.  192.  These  springs  issue  below  beds  of  coal  and  carbonaceous  schists,  in  which  fires  faaie 
ocoirrod.    The  nitrates  were  derived  from  the  oxidation  of  the  nitrogen  compounds  contained  In  the  ood. 

F.  The  holy  well  Zem-Zem,  at  Mecca.    Analysis  by  P.  Van  Romburgh,  Bee.  tiav.  chlm.,  voL  5^  1881^ 
p.  305.    For  a  corroborative  analysis  see  M.  Grcshoff,  idem,  vol.  16, 1897,  p.  354.    The  nitrates  of  this 
are  commonly  ascribed  to  pollution  by  human  agency ;  but  it  is  not  certain  that  so  large  a  quantity, ) 
or  relative,  could  be  derived  from  that  source. 
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a  Reckoned  with  normal  carbonates.    With  bicarbonates  the  salinity  becomes  6,556  parts  per  million. 
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ACID  WATERS. 

The  last  group  of  waters  that  we  have  to  consider  are  those  which 
contain  free  acids,  sulphuric  or  hydrochloric.  They  may  be  classi- 
fied in  two  divisions — ^first,  acid  waters  derived  from  sedimentary 
rocb,  their  acidity  being  probably  due  to  the  oxidation  of  pyrites  or 
other  sulphides;  second,  waters  of  volcanic  origin.  Under  the  first 
heading  the  four  analyses  given  below  may  be  cited.  In  these  anal- 
yses it  seems  best  to  state  the  free  acids  as  such  and  not  in  the  form 
of  ions,  and  to  give,  instead  of  the  normal  *' salinity/'  the  total 
inorganic  impurity  in  parts  per  million. 

Analyses  of  acid  waters  from  sedimentary  rocks. 

\.  Tbe Tascarora  sour  spring,  9  mHes  south  of  Brantford,  Canada.  Analysis  by  T.  Sterry  Hunt,  Oeol. 
9axry  Canada,  1863,  p.  545. 

B.  Oak  Orchard  Sitring,  Alabama,  Genesee  County,  New  York.  Analysis  by  W.  J.  Craw,  Am.  Jour. 
Fri.,  2d  ser.,  vol.  9, 1850,  p.  449.  The  free  acid  is  stated  in  the  original  as  SO3;  it  is  here  recalculated  into 
HjSO,. 

C.  Spring  9  nutes  northwest  of  JonesYille,  Lee  County,  Virginia.  A  nalysis  by  L.  K .  Smoot,  Am.  Chem. 
lour ,  Tol.  19, 1897,  p.  234.    Acidity  low. 

D.  Rockbridge  Alum  Spring,  Virginia.  Analysis  by  M.  B.  Hardin,  Am.  Chemist,  vol.  4, 1873-74,  p.  247. 
Tills  vaiar  and  that  analyzed  by  Smoot  might  be  equally  well  put  in  the  ordinary  sulphate  group  %vith 
aha  "alum"  springs. 
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a  4,085  when  the  free  acid  is  reckoned  as  SOi. 
113750*— 19— Bull.  695 13 
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Among  volcanic  waters  acidity  is  much  more  common,  and  many 
examples  of  it  are  known.  The  following  analyses  are  among  the 
most  typical y  and  are  stated  in  the  noimal  percentage  form: 

Analyses  of  acid  waters  of  volcanic  oriffin, 

A.  Devils  Inkpot,  YeDowstoxie  National  Park.  Aiial3rsis  by  F.  A.  Qooch  and  J.  E.  Whitfield,  BdL 
U.  S.  Cool.  Survey  No.  47, 18S8,  p.  80.  Acidity  slight.  This  water  is  unique  on  acoomit  of  its  hi|!li]iio- 
p^ion  of  ammonium  salts.  It  contains  NIT4  equivalent  to  2.8  grams  of  ammonium  sulphate  per  liter,  or 
about  8^1  per  cent  of  the  total  impurity.  Contains  also  65  parts  of  free  COi  and  5  parts  of  'BS  p«r  miDta. 
As  an  ammoniacal  water  this  may  be  compared  with  the  borate  water  from  Clear  Lake,  California,  prfr* 
viously  cited. 

II.  Acid  Spring,  California  Cfeysers,  Sonoma  County,  California.  Tempeimtuio  00*  C.  Analysis  by 
Thomas  Price,  Tran-s.  Technical  Soc.  Pacific  C^xist,  vol.  5,  1888,  p.  48.  Eleven  analyses  of  other  watea 
from  tins  group  of  sprmgs  are  also  given. 

(' .  ^Vatcr  from  Covo  Creek  sulphur  beds,  Utah.  Recalculated  from  the  analysis  by  W.  M.  Borr,  as  pub* 
(ished  by  W.  T.  Lee  in  Bull.  U.  8.  Geol.  Survey  No.  315, 1907,  p.  480.  The  water  issues  tram  rhyolitic  tufb, 
but  may  not  l>e  of  strictly  voloanio  origin. 

I> .  r.io  Vinagre,  Colombia.  Analysb  by  J.  B.  Boussingault,  Annales  chim.  ph>-s.,  5tfa  ser.,  vol.  2, 1874, 
p.  80.  Free  SOs  recalculated  into  II1SO4.  Boussingault  also  gives  analyses  of  several  saline  waters  fhim 
the  same  region.  On  p.  81  he  estimates  that  Rio  Vinagre  at  Purace  earrfes  each  day  40,873  kflograms  of 
IIsSOi  and  42,irj0  kilograms  of  nCl.   These  figures  correspond  to  17,000  and  15,000  metric  tons  per  annum. 

K.  Hot  Spring,  Paramo  de  Ruiz,  Colombia.  Analyses  by  H.  Lewy,  cited  by  Boussingault,  op.  dt.,p.Ql. 
Free  80s  re:nlculated  into  IlaSOi. 

F.  Solfutara  at  Pozzuoli,  Italy.    Analysis  by  S.  De  Luca,  Compt.  Rend.,  vol.  70, 1870,  p.  408. 

(r.  Brook  Sungi  Pait,  from  crater  of  Idjto  volcano,  Java.  Analysis  by  F.  A.  FlScidger,  Jahresb. 
Chemie,  1863,  p.  820.    Acid  waters  are  not  uncommon  in  Java. 
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MINERAL  WELLS  AKD  SPRINGS. 
AnalytCM  of  acid  waUrs  of  volcanic  origin — ^Continued. 
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n.  Eot  UkB,  White  Islaiul,  Bay  of  Plenty,  New  Zealand.   Analysis  by  C.  Du  Ponteil,  Ann.  Chem. 

rbasL,  Td.  W,  1865^  p.  193.    Practically  a  10  per  cent  solution  of  hydrochloric  acid. 

I  Probabiy  the  same  wat«r  as  that  of  H.    Analysis  by  W.  Skey,  Trans.  New  Zealand  Inst.,  vol.  10, 

lSl,^Ci.  Ii  a  later  aneljrsis  by  J.  S.  ICaelaurin  (Proc.  Chem.  Soc.,  vol.  27, 1911,  p.  10),  the  presence  of 
pestsihbaie  add  Is  reported. 

J.CuHfQD's  Bathy  Rotoma  geyser  district.  New  Zealand.    Analysis  by  Skey,  loc.  cit.     Contains  6 
partiprminioa  of  HaS. 

L  TcOoir  lake  or  hot  pool,  crater  of  Taal  volcano,  Luzon,  PhOippine  Islands. 

L.  Onen  hke  or  pool,  carter  of  Taal  vdcano.  Analyses  K  and  L  by  J.  Centeno,  Estudio  geoldgioo  del 
Tokk  da  T^  Madridy  1885.  Obscurely  stated.  Recalculated  on  the  assumption  that  *'  tostaXo  sddico '  * 
ssK  N'^04,  and  that  sulphuric  acid  means  HsS04  and  not  SOt.  The  free  acid,  however,  should  prol)- 
liijbeftD  hydrochloric,  with  no  sulphuric  at  all.  In  this  matter  I  have  simply  followed  the  Author.  Com- 
pitdtitJon  by  G.  F.  Becker,  Twenty-first  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3, 1901,  p.  49.  For  recent 
mhacsof  these  Taal  waters,  see  R.  F.  Baoon,  PhiUppine  Jour.  Sci.,vol.  1, 1906,  p.  Aia;  vol.  2, 1907,  p.  115. ' 
Uoiortaiately,  these  ftoalyses,  which  corroborate  Centeno's,  are  stated  in  such  form  that  I  can  not  reduce 
ttn  to  the  uniform  standards. 


I      — 


n 

I 

J 

K 

I. 

HCl  bee     

65.42 

69.99 

5.60 
59.11 

'"5.'87' 

13  04 

E£0,  free       

2  48 

H,BO, 

a 

11.69 

10.64 

1.91 

Trace. 

.75 

.59 

2.30 

.U 

Trace. 

9.96 
11.34 

'*26.*2i' 
Trace. 

47.26 
9.50 
1.26 

44  52 

SO, 

6.40 

'V,..  ................            -                       •          •          ..••••.. 

PO, 

.73 

BA 

Ni/.. 

1.56 
.90 
.50 
.09 

8.35 
.32 
.47 
.22 

2^.14 

1.38 

.56 

.98 

20  75 

K 

3.03 

U 

Me..              

.22 
1.02 

Md 

Fc'' 

2.80 
""*2.'62' 

"    '.'33* 
Trace. 

.78 

6.35 

.56 

i.63 

Fe"'.  .              

5.98 
.35 

5.55 

.\I 

Aa 

SiO..             

.03 

.18 

'5.'39' 

2.37 

1.23 

Total  impurity,  parts  per  million 

100.00 
158,051 

100.00 
194,830 

100.00 
1,862 

100.00 
26, 989 

100.00 
60, 023 

Still  another  acid  water,  from  the'  crater  of » Popocatepetl,  was 
partially  analyzed  by  J.  Lef ort.^  It  contained  1 1 .009  grains  of  hy dro- 
cUoric  acid  and  3.643  of  sulphuric  acid  in  1,000  parts,  together  vdth 
2.080  grains  of  alumina,  0.699  of  soda,  and  0.081  of  ferric  oxide, 
lime,  magnesia,  silica,  and  arsenic  were  present  in  traces.  These 
data  are  too  incomplete  to  admit  of  systematic  discussion.  Tlie 
total  dissolved  matter  amounted  to  17,512  parts  per  million. 

J.  B.  Boussingault,^  in  his  memoir  on  the  acid  waters  of  the  Colom- 
biaa  Andes,  discusses  at  some  length  the  question  of  their  origin. 
He  shows  that  hydrochloric  acid  may  be  generated  by  the  action  of 
steam  upon  a  mixture  of  chlorides  and  silica,  and  also  that  hot  gas- 
eous hydrochloric  acid  will  liberate  sulphuric  acid  from  sulphates. 
Both  of  these  reactions  may  take  place  in  volcanoes.  Sulphuric  acid 
n^y  also  be  formed  by  volcanic  heat,  sulphur,  cither  free  or  derived 

« CoDpt.  Rend.,  vol.  66, 1863,  p.  909.     '  Annaks  cliim.  phys.,  Uh  scr.,  vcl.  2, 1874,  p.  70. 
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from  sulphides,  first  burning  to  SO,,  which  afterward,  in  presenoe 
of  moisture,  oxidizes  to  H2SO4.  It  is  also  to  be  borne  in  mind  that 
aqueous  sulphuric  acid  will  decompose  chlorides,  with  liberation  of 
IICI,  and  this  reaction  also  probably  occurs.  The  acidity  of  a  vol- 
canic water,  then,  may  be  due  to  a  variety  of  causes,  which  operate 
under  varying  conditions  of  material  and  temperature.  We  may  not 
be  able  to  say  with  certainty  that  a  given  water  of  this  class  origi- 
nated in  a  given  way,  but  we  can  see  that  the  reactions  which  pro- 
<luce  it  are  neither  complex  nor  obscure. 

SUMMARY  OF  WATERS. 

From  the  evidence  before  us  the  classification  of  natiural  waters 
according  to  their  negative  or  acid  ions  seems  to  be  fully  justified. 
This  question  has  been  partially  discussed  in  previous  chapters;  but 
the  greater  variety  of  composition  shown  by  mineral  springs  enables 
us  now  to  cover  the  ground  much  more  completely.  The  main 
divisions  and  subdivisions  are  as  follows: 

I.  Chloride  waters.    Principal  negative  ion  CI. 

A.  Principal  positive  ion  sodium. 

B.  Principal  potdtive  ion  calcium. 

C.  Waters  rich  in  magnesium. 

II.  Sulphate  waters.    Principal  negative  ion  SO4. 

A.  Principal  positive  ion  sodium. 

B.  Principal  positive  ion  calcium. 

('.  Principal  positive  ion  magnesium. 

I ).  Waters  rich  in  iron  or  aluminum. 

E.  Waters  containing  heavy  metals,  such  as  zinc. 

III.  Sulphato-chloride  waters,  with  SO4  and  CI  both  abundant. 

IV.  <'arbonate  waters.    Principal  negative  ion  CO3  or  HCOj. 

A.  Principal  positive  ion  sodium. 

B.  Principal  positive  ion  calcium. 

C.  Chalybeate  waters. 

v.  Sulphato-carbonat«  waters.    SO4  and  CO,  both  abundant. 
VI.  Chloro-carbonate  waters.    CI  and  CO,  both  abundant. 
VII.  Triple  waters,  containing  chlorides,  sulphates,  and  carbonates  in  equally 

notable  amounts. 
Vlll.  Siliceous  waters.    Rich  in  SiOj. 
IX.  Borate  waters.     Principal  negative  radicle  B4O7. 
X.  Nitrate  waters.    Principal  negative  ion  NO,. 
XI.  Phosphate  waters.    Principal  negative  ion  PO4. 
XII.  Acid  waters.    Contain  free  acids. 

A.  Acid  chiefly  sulphuric. 

B.  Acid  chiefly  hydrochloric. 

This  classification  is  sufficient  for  all  practical  purposes,  although 
it  might  be  subdivided  still  further  in  order  to  cover  certain  excep- 
tional cases^  as,  for  example,  the  feebly  acid  ammonium  sulphate 
water  of  the  DeviPa  Inkpot.  Many  waters  are  obviously  interme* 
diate  in  character,   like   the  brines  containing  both  calcium  and 
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Bodhim,  or  the  sulphates  of  two  or  more  bases  in  something  like 

equaDy  important  quantities.    In  a  classification  based  on  thera- 

peatic  considerations  sulphur  waters  would  form  a  distinct  group; 

but  sulphides  occur  in  subordinate  amoimts,  and  from  a  chemical 

pomt  of  view  are  merely  incidental  impurities.     It  has  already  been 

observed  that  mixtures  can  not  be  classified  rigorously,  a  conclusion 

which  it  is   well   to  reiterate  now.    The  classification  of  natural 

waters  is  only  approximate,  and  a  matter  of  convenience  rather  than 

d  fixed  principles. 

CHANGES  IN  WATERS. 

When  the  water  of  a  spring  emerges  into  the  open  air  it  begins  to 
undergo  changes.  It  may  flow  into  other  waters  and  so  lose  its 
individuality;  it  may  simply  evaporate,  leaving  a  saline  residue;  it 
may  react  upon  adjacent  material  and  so  produce  new  substances; 
or,  by  cooling,  it  may  deposit  some  one  or  more  of  its  constituents. 
I  The  first  of  these  contingencies  admits  of  no  systematic  discussion; 
the  third  will  be  considered  in  the  next  chapter:  the  others  can 
receive  attention  now. 

Alteration  by  loss  of  gaseous  contents  is  observed  in  two  impor- 
tant groups — the  sulphur  waters  and  those  containing  an  excess  of 
carbonic  acid.  Hydrogen  sulphide  partly  escapes  into  the  atmos- 
phere without  inunediate  change,  and  part  of  it  is  oxidized,  with 
deposition  of  sulphur  and  the  formation  of  thiosulphates  and  finally 
sulphates,  which  remain  in  solution.  Deposits  of  finely  divided 
sulphur  are  common .  around  those  springs  which  emit  hydrogen 
sulphide,  but  they  frequently  contain  other  substances,  such  as 
silica,  calcium  carbonate,  and  ocherous  matter.  Since,  however,  the 
sulphur  is  a  product  of  partial  oxidation,  this  change  comes  more 
appropriately  under  the  heading  of  reaction  with  adjacent  material, 
the  latter,  in  this  case,  being  oxygen  derived  from  the  air.  The 
hydrogen  sulphide  itself  may  be  generated  by  the  action  of  acid 
waters  upon  other  sulphides,  but  it  is  more  commonly  produced  by 
the  reduction  of  sulphates  through  the  agency  of  organic  matter, 
and  the  subsequent  decomposition  of  the  resultant  alkaline  com- 
pounds by  carbonic  acid.  The  last  reaction,  however,  as  A.  Bfichamp  * 
has  shown,  is  reversible.  Carbon  dioxide  decomposes  solutions  of 
caldum  hydrosulphide;  but,  on  the  other  hand,  hydrogen  sulphide 
^  partly  decompose  solutions  of  calcixun  carbonate.  Bicarbonates 
Mid  sulphides,  therefore,  can  coexist  in  mineral  waters  in  a  state  of 
instable  equilibrium. 


-'Aarivehim.  phys.,  4th  ser.,  vol.  16, 18d9,  p.  202.    See  also  a  recent  pfaysicochcmical  discussion  by 
'•  Awrbadi,  Zdtscbr.  physikal.  Chemic,  vol.  49,  1904,  p.  217. 
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CAIiCAREOUS  SINTER. 

With  carbonated  waters  the  changes  due  to  escape  of  gas  are  more 
conspicuous,  at  least  when  calcium,  magnesium,  or  iron  happen  to  be 
the  important  basic  ions.  When  the  '^bicarbonic"  ion  HCO,  breaks 
up,  losing  carbon  dioxide  to  the  atmosphere,  the  normal  calcium  car 
magnesium  carbonate  is  formed  and,  being  insoluble^  is  precipitated. 
If  we  assume  calciimi  bicarbonate  as  existent  in  solution,  the  reaction 
is  as  follows: 

CaH,C A = CaCO, + H^O  +  CO, ; 

but  tho  change  is  modified  by  other  substances  which  may  be  present, 
and  so  tho  product  is  rarely  pure,  nor  is  the  precipitation  absolutely 
complete.  Calcareous  sinter,  tufa,  or  travertine  is  thus  produced, 
and  in  many  localities  it  is  an  important  deposit.  The  carbonate 
waters  of  the  Yellowstone  Park,  for  example,  form  large  bodies  of 
this  character,  and  many  analyses  of  it  have  been  made.  It  is  also 
abundant  in  the  Lahontan  and  BonneviUe  basins,  as  mentioned  in 
the  preceding  chapter.  The  following  analyses  of  typical  American 
material  are  sufficient  to  show  its  usual  composition: 

Analyses  of  calcareous  sinters. 

A.  Travertine,  Terrace  Mountain,  Mammoth  Hot  Springs,  VclloTrstone  National  Park.  Analysis  by 
F.  A.  CJoocli,  Bull.  U.  8.  flool.  Sur\-ey  No.  228, 1904,  p.  323. 

B.  Travertine,  near  Pulsating  Geyser,  Mammoth  Hot  Springs.  Analysis  by  J.  E.  Whitfield,  BuU. 
U.  S.  r;coi.  Survey  Na  22S,  1904,  p.  323.  Other  analyses  of  calcarooos  deposits  are  given  In  the  same  pnb- 
licatioa.    See  also  W.  H.  Weed,  Ninth  Ann.  Kept  U.  8.  GeoL  Survey,  1880,  p.  619. 

C.  I.ithoid  tufa,  Lahontan  basin,  Nevada.  One  of  three  analyses  by  O.  D.  Allen,  cited  by  I.  C.  Ilaaseli; 
Mon.  U.  S.  Geol.  Sur\ey,  vol.  11,  1885,  p.  203. 

D.  Calcareous  tufa,  main  terrace,  Redding  Spring,  Great  Salt  I<ake  Desert.  ^Vnalysis  by  R.  W.  Wood- 
ward, Kept.  U.  S.  Geol.  Expl.  40th  Par.,  vol.  1, 1878,  p.  508. 
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Analyses  of  several  European  tufas  are  given  by  Roth/  and  they 
exhibit  many  variations  in  composition.  Ten  calcareous  deposits 
irom  the  springs  of  Vichy  were  analyzed  by  J.  Bouquet,'  who  f oirnd 
strontium  and  aisenic  in  them.  The  arsenic  ranged  from  a  trace  to 
1.16  per  cent  of  As,Ofi.  In  the  Carlsbad  "  Sprudelstein"  Blum  and 
Uddin  *  also  fonnd  arsenic  to  the  extent  of  0.27  per  cent.  In  a  tufa 
from  the  Doughty  Springs,  in  Delta  County,  Colorado,  W.  P.  Head  - 
dwi  *  found  barium  sulphate  ranging  from  a  small  amount  up  to  nearly 
95  per  cent.  This  tufa  or  sinter  was  distinctly  radioactive,  and 
probably  contained  traces  of  radium. 

The  commonest  companion  of  calcixun  carbonate  in  sinter  is  mag- 
nefiiiun  carbonate,  which  is  rarely,  if  ever,  absent.  According  to 
H.  Leitmeicr  *  the  springs  of  Lohitsch  in  Styria  deposit  hydrous  car- 
bonate of  magnesium.  The  presence  of  magnesium  salts  in  a  water 
favors  the  deposition  of  calciimi  carbonate  in  the  form  of  aragonite, 
as  shown  by  F.  Comu  •  and  F.  Vetter.^  Calcite,  however,  is  much 
more  common  in  sinters  than  aragonite.  In  rare  instances  fluorite 
is  dqjOBited.*  Silica  and  ferric  hydroxide  are  also  frequent  con- 
taminations of  tufas.  In  short,  the  calcium  carbonate  precipitated 
from  natiural  waters  may  carry  down  with  it  a  great  variety  of  im- 
purities, which  depend  upon  the  character  of  the  spring. 

OCHEROUS   DEPOSITS. 

When  ferrous  ions  are  present  in  a  carbonate  water,  loss  of  carbonic 
acid  is  followed  or  accompanied  by  oxidation,  and  the  precipitated 
material  is  an  ocherous  ferric  hydroxide.  Aroimd  chalybeate  springs 
these  deposits  of  iron  rust  are  always  noticeable.  "With  substances 
of  this  character  calcium  and  magnesium  carbonates  are  often  thrown 
down,  and  also  silica,  so  that  the  ochers  from  iron  springs  vary  much 
in  composition.  Between  an  ocher  and  a  calcareous  sinter  every 
intermediate  mixture  may  occur.  Sometimes  when  sulphates  have 
been  reduced  by  organic  matter  sulphides  of  iron  are  deposited,  and 
a  number  of  examples  of  this  kind  are  cited  by  Koth.*  The  following 
analyses  will  illustrate  the  usual  character  of  these  sediments: 

^  AUganeiaeimd  chemische  Geologie,  vol.  1,  p.  530. 

I  Anaaladiim.  pbys.,  3d  ser.,  voL  42,  lS5i,  p.  332.    For  later  analyses  of  Vichy  deposits,  see  C.  Girard 
»d ^  Bofdas,  Compt.  Rend.,  vol.  132, 1901,  p.  1423. 

•  Ann.Chem.  Pharm.,  vol.  73, 1850,  p.  217. 

*  Pbdcl  ColoBido  SeL  Soc. ,  voL  8, 1906,  pp.  1-^.  .Vnalyses  of  six  of  the  springs  are  given  in  this  memoir, 
*Bd<0vsal  analyses  of  sinters.  On  the  ooexlstenoe  of  barium  and  sulphates  in  mineral  waters  see  P.  Carles, 
^•QKm.  See.,  vol.  80  (abstracts),  pt.  2, 1901,  p.  506.  Alkaline  bicarbonatcs,  with  an  excess  of  COj,  can 
Mi  baiDBi  In  lointlfln,  notwithstanding  the  presence  of  sulphates.  B.  Delkeskamp,  in  NotizbL  Vcr. 
''"^kaode, Ith  ser..  Heft  21,  p.  47,  has  discussed  the  occurrence  of  barium  in  natural  waters  and  tabulated 
>lK|i]inmber  of  occurrences.    See  also  J.  White,  JahresI).  fhemie,  1899,  p.  835,  on  barium  in  artesian 

'tttrtr.  Kryst.  Min.,  vol.  47, 1909,  p.  104. 
'^^Btsr.Zettaehr.  Berg-  u.  Hflttenw.,  vol.  55, 1007,  p.  596. 
'2«iUAr. Kryst.  Min.,  vol.  48, 1910,  p.  45. 
*8tt  W.  Undgren,  Econ.  Geology,  vol.  5, 1910,  p.  22. 
*All|BBdneund  chemische  Geologic,  vol.  1,  pp.  509, 600. 
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A  nahjses  of  ocherous  deposits. 

A.  Deposit  from  Driburg,  Germany.    Analj'sis  by  F.  J.  H.  Ludwig,  Jahresb.  Chemle,  1847-48,  p.  1012. 

B.  Deposit  from  Nauheim,  Germany.    Analysis  by  Ewald,  Jahresb.  Chemie,  1847-48,  p.  1012. 

C.  Deposit  from  Enclos  des  Celestins,  Vichy.  One  of  four  analyses  by  J.  Boaquet,  Annates  chlm.  phys., 
3d  ser.,  vol.  42, 1854,  p.  336.  The  "quartz  and  mica,"  of  course,  do  not  belong  with  the  sediment,  but  are 
an  accidental  addition  to  it. 

D.  Deposit  from  Chalybeate  Spring,  Death  Gulch,  Yellowstone  National  Park.  Anal>-8i8  by  J.  E. 
Whitfleld  in  the  laboratory  of  the  United  States  Geological  Survey.  For  an  analysis  of  water  from  Death 
Gulch, see  G.  B.  Frankforter,  Jour.  Am.  Chem.  Soc.,  vol.  28, 1906,  p.  714. 
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Tho  deposit  represented  by  analysis  D  evidently  contains  an 
admixture  of  a  basic  sulphate  of  iron.  A  number  of  such  salts  are 
known  among  natural  minerals,  and  are  commonly  formed  by  deposi- 
tion from  chalybeate  solutions.  Their  consideration,  however,  does 
not  belong  in  this  chapter.  Ocherous  deposits  rich  in  manganese 
are  also  known.  For  example,  M.  WeibuU  ^  has  described  a  spring 
near  Limd,  in  Sweden,  which  contains  23  milligrams  of  MnO  to  the 
liter  of  water.  From  this,  by  the  action  of  the  organism  Crenoihrix 
Tnanganiferaj  the  manganese  oxide  is  precipitated  in  such  quantities 
as  to  clog  water  pipes. 

SILICEOUS  DEPOSITS. 

Siliceous  deposits  are  formed  by  all  waters  containing  silica,  but 
are  commonly  so  small  as  to  bo  inconspicuous.  The  silica  then  ap- 
pears, as  in  the  preceding  tables  of  analyses,  as  an  impurity  in  some- 
thing else.  From  hot  springs,  however,  which  often  contain  silica 
in  large  quantities,  great  bodies  of  sinter  are  produced,  and  this  has 
a  composition  approaching  that  of  opal.    Mineralogically,  siliceous 


»  Jour.  Chem.  Soc.,  vol.  92,  pt.  2, 1907,  p.  888,  abstract. 
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anter  is  dassed  as  a  variety  of  opal,  for  it  consists  mainly  of  hydratod 
silica  with  variable  impurities.  According  to  W.  H.  Weed/  who 
has  studied  the  formation  of  sinters  in  the  Yellowstone  Park,  the 
deposit  may  be  due  either  to  relief  of  pressure,  to  cooling,  to  chemical 
reactions  between  different  waters,  to  simple  evaporation,  or  to  the 
action  of  algse.  In  the  last  case  the  silica  forms  a  gelatinous  layer 
upon  the  algous  growths,  and  this,  after  the  death  of  the  algae,  grad- 
ually hardens  to  sinter.  The  subjoined  analyses  (A  to  E)  of  Yellow- 
stone Park  sinters  are  selected  from  among  fifteen  which  were  made 
by  J.  E.  Whitfield  in  the  laboratory  of  the  United  States  Geological 
Survey.' 

Analyses  of  sinters  from  Yellowstone  Park,  etc. 

A.  iDcrustalion,  E  xcelsior  Geyser  Basin. 

B.  Opal  deposit,  Norrls  Basin. 

C.  Compact  sinter.  Old  Faithful  Geyser. 

D.  Deposit  from  Artemisia  Geyser. 

E.  Gejsoite  incrustation,  Giant  group.  Upper  Basin. 

F.  SOfeeous  sinter.  Steamboat  Springs,  Nevada.    Analysis  by  R.  W.  Woodward,  Rept.  U.  S.  Geol. 
EjpL  40th  Par.,  vol.  2, 1877,  p.  83G. 
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a  Loss  on  ignition. 

At  Steamboat  Springs  G.  F.  Becker  ^  found  the  deposits  to  contain 
also  sulphides  of  antimony,  arsenic,  lead,  copper,  and  mercury,  ferric 
hydroxide,  gold,  silver,  and  traces  of  zinc,  manganese,  cobalt,  and 
nickel. 

■  Am.  Jour.  BcL,  8d  aer.,  vol.  37, 1880,  p.  3ol. 

*  Bon.  U.  B.  QcoL  Bmvey  No.  228, 1(KM,  pp.  29S-290.  A  very  exceptional  sinter,  from  a  warm  spring  in 
Ectagor,  Malay  States,  contains,  vriih  91.8  per  cent  of  SiOs,  0.5  per  cent  of  SnOf.  See  S.  Meunier,  Compt. 
Rend.,  Tol.  110, 1800,  p.  1083.  According  to  W.  R.  Jones  (Geol.  Mag.,  1914,  p.  537),  the  water  of  this  spring 
coDtains  so  tin. 

•Mon.  U.  8.  Geol.  Surrey,  vol.  13, 1888,  pp.  34S-346. 
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The  following  analyses  represent  sinters  from  foreign  localities:  ^ 

Analytes  of  iinten  from  foreign  loealiiie*. 

( • .  <^Icyseritc,  Tceliuid.    Analysis  by  A.  A.  Damour,  Bull.  Soc  gtol.  France,  2d  aer.,  vol.  5, 1S17-48,  p.  IMl 

n.  I>eposits  from  the  Scribia  Spring,  Icelandic  geysers.  Analysds  by  C.  Bickcll,  AnnJCliem.  Phann., 
vol.  70, 1S49,  p.  293. 

I.  Slnlor  from  the  hot  spring  of  Taupo,  Hew  2^ealand.  Analysis  by  J.  W.  Mallet,  rhilos.  Mag.,  4th ser., 
vol.  5,  1Rj3,  p.  285. 

J.  Sinter  from  geysers  of  Rotorua,  New  Zealand.  Analysis  by  J.  E.  Whitfteld,  discussed  by  W.  H. 
Weed,  Ninth  Ann.  Rept.  I- .  S.  Oeol.  Survey,  1880,  p.  ftl9.    Two  other  analyses  are  given  in  this  report. 

K.  Sinter  from  the  Moimt  Morgan  gold  mine,  Queensland.  Analysis  by  E.  A.  Sdineider,  dlscossed  by 
W.  H.  Weed  in  Am.  Jour.  Sd.,  3d  scr.,  vol.  42, 1801,  p.  166.  This  sinter  is  Impregnated  with  auriieroaii 
hematite.  In  sinters  from  the  gcyrier  district  of  New  Zealand,  according  to  J.  M.  Maclarcn  (Geol.  M^^ 
1906,  p.  511),  there  are  aho  apprcdablc  quantities  of  gold  and  silver. 
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Tho  sinters,  however,  represent  only  the  simplest  form  of  deposit 
from  geysers  and  siliceous  springs.  A  great  variety  of  intermediate 
substances,  mixtures  of  silica,  of  hydroxides,  of  carbonates,  sulphates, 
or  arsenates,  and  even  of  sulphur,  have  been  observed,  and  a  number 
of  analyses  made  in  the  laboratory  of  the  United  States  Geological 
Survey  by  J.  E.  Whitfield  are  cited  below  as  illustrations  of  this 
fact.  All  tho  samples  analyzed  were  collected  in  the  Yellowstone 
National  Park. 


Anahjscs  of  spring  deposit 8  from  Yellowstone  Park. 

A.  DcpoRit  from  spring  No.  75,  Norrls  Basin.    Dried  at  104*. 
D.  Saline  deposit,  Shoshone  Oeyseis.    Dried  at  101*. 

C.  Sediment  from  Crater  UilL 

D.  Black  coating,  Fahy  Springs.    Air  dried. 

E.  Deposit  from  Chrome  Spring,  Crater  Hill. 

F.  Sedimentary  deposit  from  Lamar  River. 

G.  Deposit  from  Constant  Geyser.    Described  by  Arnold  Hague  in  Am.  Joar.  Sci.,  Id  aer.,  vol.  34, 18S7, 
p.  171.    Contains  soorodite. 

II.  Rod,  ocherous  deposit.  Arsenic  Geyser.   Air  dried. 


t  For  additional  analyses  see  Roth,  AUgemoino  und  chcmische  Geologie,  vol.  1,  p.  €83. 
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Analyses  G  and  H  are  especially  interesting,  for  thoy  represent 
the  deposition  of  scoroditey  FeAs042H20.  This  occurs  still  more  per- 
fectly at  Josephs  Coat  Springs,  in  the  Yellowstone  Park,  whore  the 
nuDeral  has  been  separated  from  an  incrustation  and  identified.^ 
Thd  manganese  in  D  and  the  sulphur  in  E  and  F  are  also  worthy  of 
notice.  When  we  consider  that  in  addition  to  these  precipitates 
miny  saline  compounds  are  produced  by  the  simple  evaporation  of 
wtteorSy  we  see  that  the  range  of  possibilities  must  be  very  great. 
When  a  water  has  become  sufficiently  concentrated  to  begin  the 
deposition  of  solid  matter,  every  change  in  concentration  or  temper- 
&tare  introduces  a  new  set  of  conditions  which  determine  the  nature 
of  the  compounds  to  be  formed.  The  complexity  of  the  problems 
which  thus  originate  will  become  more  evident  when  we  study  the 
subject  of  saline  residues.  It  is  dear,  from  the  nature  of  the  pr6ducts 
thus  far  considered,  that  in  a  complex  water  several  reactions  may 
take  place  simultaneously,  a  number  of  substances  being  thrown 
down  at  the  same  time.  If  a  water  carrying  much  iron  and  much 
calcimn  loses  hydrogen  sulphide  and  carbonic  acid,  then  ferric  hy- 
droxide, calcium  carbonate,  and  sulphur  will  be  deposited  together, 
Mch  change  being  independent  of  the  others.  In  such  cases  the 
complexity  of  reaction  is  apparent  only  and  not  real.  The  reactions 
are  all  simple  and  easily  understood.  When  salts  are  formed  by 
eraporation  of  a  water,  the  interpretation  of  the  phenomena  is  more 
difficult. 


'A-  Ri«DB,  Am.  Jour.  ScL,  Id  ser.,  rol.  34, 1887,  p.  171.    See  also  J.  E.  Mliitfield,  BuU.  U.  8.  Geol.  Sofw 
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REACTIONS  WITH  ADJACENT  MATERIAIj. 

Tho  reactions  of  natural  waters  in  contact  with  adjacent  materiab 
are  of  many  different  kinds.  We  have  ahready  seen  how  oxygen 
from  tho  atmosphere  may  convert  ferrous  into  ferric  compounds  and 
sulphides  into  sulphates,  but  reducing  agents  also  must  be  taken  into 
account.  Tlie  sulphates  of  a  wat^r,  by  accession  of  organic  matter, 
can  bo  partly  or  entirely  reduced  to  sulphides,  and  carbonic  acid, 
acting  upon  the  latter,  may  expel  sulphureted  hydrogen  and  produce 
carbonates.  By  reactions  of  that  kind  a  water  can  undergo  a  com- 
l)loto  (ihango  of  type  and  pass  from  one  class  into  another. 

Acid  waters,  especially  when  hot,  act  vigorously  on  the  substances 
with  which  they  come  in  contact,  producing  soluble  chlorides  or  sul- 
l)hute3  according  to  their  character.  Hydrochloric  acid  forms  the 
one  set  of  salts,  sulphuric  acid  the  other.  The  extent  of  the  reactions 
will,  of  course,  depend  upon  the  kind  of  material  attacked,  for  some 
minerals  and  rocks  are  much  more  soluble  than  others.  The  carbon- 
ate rocks  are  naturally  the  most  attackable,  but  no  rock  is  entirely 
exempt  from  changes  of  this  order.  When  we  remember  that  even 
pure  and  cold  water  exerts  a  solvent  action  upon  many  silicates,  we 
can  see  how  violently  corrosive  a  hot,  acid,  volcanic  water  must  be. 
Wherever  waters  of  this  class  occur  the  surrounding  rocks  are  more 
or  less  decomposed,  calcium,  magnesium,  alkalies,  and  iron  being 
dissolved  out,  while  silica  and  hj^drous  aluminum  silicates  remain 
l)ehind.  As  the  water  cools  and  as  the  acid  becomes  neutralized  its 
activity  decreases,  and  its  peculiar  characteristics  gradually  disappear. 
An  ordinary  saline  or  astringent  water  is  the  product  of  these  changes, 
which  take  place  most  rapidly  when  the  active  solutions  are  concen- 
trated and  hot,  and  more  slowly  in  proportion  as  they  are  diluted  or 
cooled. 

Waters  containing  free  sulphuric  or  hj'drochloric  acid  are,  however, 
relatively  rare,  and  their  geological  importance  is  small  compared 
with  that  of  carbonated  solutions.  Meteoric  waters  carrying  free 
carbonic  acid  are  probably  the  most  powerful  of  agents  in  the  solution 
of  rocks,  although  their  chemical  activity  is  neither  violent  nor  rapid. 
Being  continually  replenished  from  the  storehouse  of  the  atmosphere, 
their  work  goes  on  unceasingly  over  a  large  portion  of  oxur  globe. 
Tho  calcium  which  they  extract  from  rocks  is  carried  by  rivers  to  the 
sea  and  is  finally  deposited  in  the  form  of  Umestones.  Springs  and 
underground  waters  charged  with  carbonic  acid  exert  the  same  sol- 
vent action,  but  locally  and  in  different  degree.  We  have  seen  that 
many  springs  are  so  heavily  loaded  with  carbonic  acid  that  they 
effervesce  when  issuing  into  the  air,  and  such  waters  are  peculiarly 
potent  in  effecting  the  solution  of  limestones.  By  percolating  waters 
of  this  class  limestone  caverns  are  made,  and  part  of  the  substance 
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dissolved  is  redeposited  as  stalactite  or  stalagmite.  In  reactions  of 
Uiis  kind  the  general  character  of  a  water  is  not  changed;  it  may  be 
a  calcium  carbonate  water  throughout  its  course,  varying  only  in 
gaseous  content  and  in  concentration,  and  its  chemical  effectiveness 
is  shown  by  its  work  as  a  carrier  in  transporting  from  one  point  to 
another  the  material  that  it  has  dissolved.' 

Alkaline  waters,  especially  thermal  waters  of  the  sodium  carbonate 
class,  are  also  active  solvents  of  mineral  substances.  Their  tendency, 
however,  is  opposite  to  that  of  the  acid  waters,  for  they  dissolve  silica 
rather  than  bases,  and  act  as  precipitants  for  magnesia  and  lime. 
When  solutions  of  calcium  sulphate  and  sodium  carbonate  are  com- 
mingled, calcium  carbonate  is  thrown  down  and  an  equivalent  amount 
of  sodium  sulphate  remains  dissolved;  Since  natural  waters  are 
rarely,  if  ever,  chemically  equivalent,  reactions  of  this  sort  between 
them  are  necessarily  incomplete,  and  the  l)lended  solutions  will  con- 
tain one  group  of  ions  in  excess  over  the  other.  Thus  a  water  of 
miied  type  is  produced,  but  the  mixture  is  not  an  average  of  the 
two  solutions,  for  part  of  their  original  load  has  been  removed.  This 
is  a  simple  case  of  reaction,  but  it  may  be  complicated  in  various 
ways,  and  even  reversed.  For  instance,  a  solution  of  sodium  sid- 
phate  in  presence  of  free  carbonic  acid  will  dissolve  calcium  car- 
bonate, forming  sodium  bicarbonate  and  a  precipitate  of  gypsum. 
E.  W,  Hilgard  *  has  investigated  this  transformation,  and  regards 
it  as  the  principal  somrce  of  alkaline  carbonate  solutions  in  nature. 
Furthermore,  mineral  substances  with  which  alkaline  waters  come  in 
contact  may  be  profoundly  modified,  as  at  the  thermal  springs  of 
Rombiferes  in  France.  Here,  according  to  Daubr^e,^  the  brickwork 
and  masonry  of  the  ancient  Roman  baths  have  been  strongly  attacked 
with  the  production  of  hyalite  and  a  number  of  zeolitic  minerals. 

Many  mineral  springs  contain  organic  matter,  presumably  in  the 
fomi  of  the  so-called  humus  acids,  but  the  influence  exerted  by  these 
substances  is  more  pronounced  in  swamp  and  river  waters.*  Their 
supposed  solvent  action  upon  rocks  and  soils  has  already  been 
noticed,  as  well  as  their  alleged  eflTiciency  in  retaining  silica  in  solution. 
Agunst  these  suppositions  I  may  cite  an  observation  by  C.  A.  Davis, 
of  the  United  States  Geological  Survey,  that  the  peat  of  the  Dismal 
Swamp  contains  the  siliceous  skeletons  of  diatoms  whose  outlines 
are  still  perfectly  sharp,  without  the  slighest  trace  of  blurring.     This 

*  On  the  mBgnitude  of  enslaii  by  subterranean  waters  see  U.  Schardt,  Bull.  Soc.  neuch&teloise  sci.  nat., 
KLS^U07»p.l68. 

t  Am.  Jour.  Bel.»  4Ui  ser.,  ▼d.  2, 1809,  p.  100. 

s  itadm  fjiitii6tiqiM8  de  gdologie  exp^rimentale,  1878,  pp.  179  et  seq.    Other  localities  at  which  similar 
vm  been  obeerred  are  also  described.    The  Plombidres  water  is  said  to  be  a  very  dilute  solution 
hat  its  exact  composition  is  not  given  by  Daubrte.   Analyses  of  six  waters  from  riom- 
be  loimd  in  Lee  eaox  min^rales  de  la  France,  by  £.  Jacquot  and  £.  Willm,  Paris,  1894,  p.  224. 
Acj  ecBflnn  DMibrte's  statement. 

*  SceChaptv  m  Ibr  details  on  this  subject.   Also  A.  A.  Julien,  Proc.  Am.  Assoc.  Adv.  Sci.,  vol.  28, 1879, 
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t)l>8crvation  has  been  confirmed  by  Chase  Pahner.  The  water 
saturating  the  peat  contains  much  dissolved  organic  matter,  which 
colors  it  strongly  brawn,  and  also  contains  floating  diatoms. 

Furthermore,  iron  and  almnina  may  be  removed  from  sulphate  or 
chloride  waters  by  the  action  of  limestones.    If  the  iron  is  in  the 
ferrous  state,  it  must  first  be  oxidized  to  the  ferric  condition.    Then, 
by  means  of  calcimn  carbonate,  both  of  the  bases  named  can  be  pre- 
cipitated, either  as  hydroxides  or  as  basic  sulphates.    Insoluble  com- 
pounds of  the  latter  class  are  often  formed  from  natural  waters,  and 
niany  mineral  species  are  of  that  character.     It  is  quite  probable  that 
Aittiestone  is  also  effective  in  removing  other  heavy  metals  from  their 
solutions;  copper,  for  example,  is  certainly  thrown  down,  but  these 
reactions  need  to  be  more  fuUy  investigated.    Their  consideration 
naust  be  deferred  imtil  we  reach  the  subject  of  metalliferous  deposits. 
^  mally,  the  character  of  a  water  may  be  greatly  changed  by  simple 
percolation  through  the  soil.     That  potassium  is  thus  removed  from 
natural  waters  has  long  been  known,  and  reference  to  this  fact  was 
^ade  in  a  previous  chapter.     Experiments  by  J.  T.  Crawley  and 
!*•  A.  Duncan*  on  Hawaiian  soils  show  that  a  layer  6  inches  thick 
^^l  fix  over  98  per  cent  of  the  potassium  in  a  solution  of  potassium 
sTilphate  which  is  allowed  to  filter  through  it,  and  the  retention  of 
phosphoric  acid  and  ammonia  is  even  more  complete.    According  tp 
J.  M.  van  Bcmmelen,'  basic  zeoUtic  siUcates  are  the  chief  agents  in 
effecting  the  retention  of  potassium,  exchanging  other  bases  for  it 
by  double  decomposition,  but  the  existence  of  such  compounds  in  the 
soil  is  not  well  established.     Hydrous  aluminum  siUcates  may  be  the 
effective  absorbents,  or,  in  the  case  of  phosphoric  acid,  the  hydroxides 
of  aluminum  and  iron.     After  potassium  and  ammonium,  Van  B«n- 
melen  finds  that  magnesium  is  most  readily  absorbed,  then  sodium, 
and  calcium  least  of  aU.     It  is  clear,  however,  that  the  nature  of  the 
soil  must  be  taken  into  account.    A  sandy  soil  or  an  impervious  clay 
would  be  less  effective  in  removing  saline  substances  from  water  than 
a  loose  loam  rich  in  hydrous  basic  compounds.     The  fact  that  sub- 
stances are  taken  from  waters  by  soils  is  certain,  but  the  extent  of 
the  absorption  depends  upon  local  conditions.    It  is  also  certain  that 
potassium,  rather  than  sodium,  is  thus  withdrawn  from  aqueous 
circulation. 

A  careful  consideration  of  all  the  evidence  concerning  mineral 
springs  will  show  that  it  is  exceedingly  difficult  to  generalize  on  rela- 
tions between  the  composition  of  a  water  and  its  geological  history. 
Reactions  which  take  place  deep  within  the  earth  can  not  easily 
be  traced,  especially  as  a  water  may  undergo  various  modifications 
before  it  reaches  the  surface.  A  spring  may  be  a  blend  from  different 
sources — either  a  direct  mixture  or  a  solution  from  which  ingredients 

1  Joor.  Am.  Chem.  Soc.,  vol.  25, 1903,  p.  47.    See  also  voL  34, 1902,  p.  1114. 
>  Lflodw.  Versocfas-Stationen  (Berlin),  vol.  21,  p.  135. 
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IttTe  beea  wBsmofv^ — and  it  is  only  in  specific  cases  that  a  simple 
interpretation  of  the  phenomena  can  be  found.  The  water  that  rises 
from  a  salt  bed  or  from  gypsum  is  easily  understood,  and  so  also  is 
one  which  carries  sulphates  derived  from  pyritiferous  shales.  We  can 
see  that  a  water  from  granite  must  differ  greatly  from  one  issuing  out 
of  limestone,  and  Hanamann's  analyses  of  the  Bohemian  rivers  illus- 
trate this  order  of  dissimilarity.  Many  regularities  can  be  traced, 
but  no  general  principle  can  be  deduced  from  them.  For  example, 
A.  De  Lapparent^  shows  that  solfataras  are  most  common  in  regions 
of  highly  siliceous  eruptive  rocks,  such  as  rhyolites,  andesite-s,  etc.,  a 
condition  which  he  attributes  to  the  inferior  fluidity  of  the  volcanic 
magmas  and  the  consequently  greater  retention  of  gaseous  contents 
by  them.  In  areas  of  subsilicic  rock  solfataras  rarely  or  never  occur. 
Various  attempts  have  been  made  to  correlate  the  composition  of 
waters  with  the  geological  horizons  from  which  they  flow.  For 
spring  waters  such  attempts  are  of  little  value,  because  two  springs, 
^e  by  side,  may  be  widely  different.  In  the  case  of  artesian  weUs 
ihe  problem  is  perhaps  simpler,  for  there  the  horizon  can  be  de- 
tenrdned.  Artesian  waters  of  conmion  origin  often  show  a  family 
likeness  to  one  another,  especiaUy  in  their  minor  constituents,  one 
group  being  always  calciferous,  another  relatively  rich  in  bromine, 
and  80  on.'  But  no  law  can  be  framed  to  cover  even  these  regularities, 
for  the  exceptional  waters  are  too  niunerous  and  too  confusing.  That 
waters  from  sedimentary  rocks  are,  as  a  rule,  more  concentrated^nd 
periups  more  ccxnplex  than  those  from  the  older  crystalline  forma-* 
tioQs is  doubtless  true;  but  beyond  that  it  is  hardly  safe  to  generalize. 
It  is  better  to  discuss  each  water  by  itself,  and  so  seek  to  interpret 
its  individual  history. 

VADOSE  AND  JUVENIIjE  WATERS.^* 

IMiether  it  is  possible  to  discriminate  between  waters  of  superficial 
or  vadose  origin  and  magmatic  or  deep-seated  waters  is  a  question 
for  geology  to  answer.  Until  quite  recently  the  prevalent  opinion 
has  heen  that  all  spring  waters,  including  those  emitted  by  geysers, 
were  originally  meteoric.  Modem  investigations  into  volcanism  and 
upon  the  subject  of  metalliferous  veins  have,  however,  led  to  a 
reopening  of  the  question.    E.  Sucss,*  speaking  with  especial  refer- 

'CompC.  Band.,  toL  lOS,  1S80»  p.  149. 

'A.C.  Lane  (Water-Supply  FaperU.  S.  Geol.  Survey  No.  31,  1899)  classlfles  the  Michigan  waters  with 
■(■an  to  thdr  origin,  and  points  out  various  similarities  connected  with  Identity  of  horizon.  On  the 
^^iaksl  niatftmi  between  ^ving  waters  and  the  rocks  from  wliich  they  issue,  see  M.  Dittrich,  Mitth. 
BitiKh.  (ML  Liuidesanstalt,  voL  4, 1901,  p.  190. 

'Thi  tflnn  ^'connate"  is  also  used  to  some  extent  to  describe  buried  or  fossil  waters.  The  calcium 
cMHHmiBfsoftlw  LalE0  Supariorngion  have  been  assigned  to  thisdass. 

*la  Vvbnid].  GeselL  Deateoh.  NatorfDncher  und  Arzte,  1902.  Abstract  in  Geog.  Jour.,  voL  20,  p.  520, 
>ML  OatbeoUMT  iMnd,  eee  B.  H.  L.  Schwarz,  GeoL  Mag.,  1904,  p.  2S2;  and  J.  M.  Maclaren,  idem,  1906, 
hkL  Thtm  writafs  repird  the  hot  waters  of  Africa  and  New  Zealand  as  originally  varieen.  The  same 
'■MoiiiieMhad  by  Arnold  Hague  relative  to  the  geysor  waters  of  the  Yellowstone  National  Park. 
teSoflMr^llag.,  May,  IINM,  p.  513,  and  Trans.  Am.  Inst.  Min.  Eng.,  vol.  IS,  1887,  p.  783;  also  his  presi- 
^"^iddnes in  Dull.  GeoL  Soc.  America,  vol.  22, 1911,  p.  103,  and  Science,  vo\.  ^,  p.  ^Sb. 
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cnce  to  the  thonnal  springs  of  Carlsbad,  has  advanced  strong  aiga- 
monts  to  show  that  waters  of  this  class  are  ''juvenile"  and  now  see 
the  light  of  day  for  the  first  time — that  is,  they  issue  from  deep 
v.'ithin  the  earth;  from  the  fundamental  magma  itself,  and  bring  up 
veritable  additions  to  the  hydrosphere.  These  magmatic  waten, 
furthermore,  are  regarded  by  some  authorities  as  the  carriers  of 
metallic  salts,  by  which  certain  kinds  of  metalliferous  veins  have  been 
filled.* 

This  subdivision  of  springs  into  vadose,  or  those  which  represent 
original  infiltration  of  surface  waters,  and  juvenile,  as  Suess  terms 
them,  has  had  wide  but  not  universal  acceptance.  A  difficulty  in 
applying  the  proposed  nomenclature  arises  from  the  fact  that  it  is  not 
easy  to  determine  where  a  given  water  belongs.  Armand  Gautier,' 
however,  has  pointed  out  several  criteria  which  may  make  discrimi- 
nation possible.  Ho  shows  that  vadose  waters,  or  waters  of  infiltra- 
tion, are  characterized  by  fluctuations  in  composition,  concentra- 
tion, and  rat^  of  flow,  depending  upon  local  and  variable  conditionSi 
such  as  abundant  rain  or  drought.  They  also  contain,  as  a  rule, 
carbonates  of  lime  or  magnesia,  chlorides,  and  sulphates.  Virgin  or 
juvenile  waters,  on  the  contrary,  are  fairly  constant  in  all  essential 
pjirticulars,  and  carry  sodium  bicarbonate,  alkaline  silicates,  heavy 
metals,  etc.,  as  chief  constituents,  with  chlorides  or  sulphates  only 
as  accessories,  and  practically  no  carbonates  of  the  alkaline  earths. 
The  vadose  waters,  moreover,  issue  from  faults  having  no  relation  to 
the  metallic  veins  of  the  surroimding  territory — a  lack  of  relation 
which  is  conspicuous  as  regards  juvenile  springs.  Gautier  holds 
that  hydrogen  emitted  from  the  hot  interior  of  the  earth  acts  as 
a  reducing  agent  upon  metallic  oxides  and  so  forms  the  magmatio 
water  of  the  springs.  With  the  water  thus  generated,  other  water, 
that  of  constitution  from  minerals  like  the  micas,  is  commingled. 

THERMAL  SPRINGS  AND  VOLiCANISM. 

Tlie  work  of  Gautier  just  cited  is  intimately  related  to  an  earlier 
memoir/  in  which  the  close  connection  between  volcanism  and  the 
formation  of  thonnal  springs  is  shown.  His  work  will  be  consid- 
ered more  m  detail  in  a  later  chapter,  but  his  general  conclusions 
may  be  cited  now.  When  a  crystalline  rock,  like  granite,  is  heated 
to  redness  in  vacuo,  water  and  gases,  the  latter  identical  in  character 
with  the  volcanic  gases,  are  given  off.     For  instance,  to  cite  the  least 

1  See,  for  example,  W.  Lindgren,  Eng.  and  Min.  Jour.,  vol  79, 1905,  p.  460.  Also  A.C.  Spenoer,  TztiHii 
Am.  Inst.  MId.  Eng.,  vol.  35,  1905,  p.  473;  vol.  36, 1906,  p.  364. 

*  C-ompt.  Rend.,  vol.  150, 1910,  p.  436.  Other  papers  bearing  on  this  snbjeet,  and  on  the  origin  of  fht 
carbon  dioxide  of  mineral  waters  are  by  R.  Delkeskamp,  Zeltschr.  gesammto  Kohlensfture-Industrie,  IM, 
Nos.  18-21;  L.  De  Laonay,  Annales  des  mines,  10th  ser.,  vol.  9, 1906,  p.  5;  F.  Henrich,  Zeitaehr.  pnkt 
Geologie,  1910,  p.  85;  and  O.  Stutzer,  idem,  p.  340. 

*  Annales  des  mines,  10th  ser.,  vol.  9, 1906,  p.  310.    A  good  abstract  by  F.  L.  Ranaome  is  gf tso  in 
Geology,  vol.  1,  1900,  p.  688. 
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significant  example,  1  cubic  kilometer  of  granite  can  yield  from  25 
to  30  millions  of  metric  tons  of  water,  which  at  1,100°  would  form 
160,000,000,000  cubic  meters  of  steam.  In  addition  to  this  enormous 
Tolome  of  vapor  28,000,000,000  cubic  meters  of  other  gases  would  be 
emitted.  Suppose,  now,  that  by  Assuring  and  subsidence  in  the  Utho- 
sphCTe  such  a  mass  of  rock  were  carried  down  to  a  depth  of  25,000  to 
30,000  meters.  It  would  then  be  in  the  heated  regions,  and  the  evolu- 
tion of  vapors  under  great  pressures  would  occur.  To  smne  such 
changes  Oautier  ascribes  the  phenomena  of  volcanism,  with  all  its 
development  of  solfataras  and  fumaroles.  Ordinary  thermal  springs 
may  be  formed  by  the  same  process,  operating,  perhaps,  less  violently, 
and  originate,  so  to  speak,  from  a  sort  of  distillation  of  the  combined 
water  contained  in  the  depressed  masses  of  rock.  In  an  earUer 
memoir*  Gautier  has  shown  that  granite,  heated  with  water  in  a 
sealed  tube  to  a  temperature  between  250°  and  300°,  yields  solutions 
containing  sulphur  compounds  and  resembUng  the  sulphur  waters  of 
hot  springs.  This  sulphur  he  ascribes,  not  to  the  decomposition  of 
metaUic  sulphides,  but  to  reactions  upon  sulphosilicates,  a  class  of 
compounds  represented  in  nature  by  hauynite  and  lazurite,^  and  also 
by  certain  artificial  substances  which  Gautier  himself  has  prepared. 
He  also  supposes  that  carbon  oxysulphide,  COS,  may  be  formed  in  the 
terrestrial  nucleus,  possibly  from  carbon  monoxide  generated  by  reac- 
tions between  oxides  and  metallic  carbides.  Here  ho  enters  the  field 
of  speculation,  where  it  is  not  necessary  for  us  to  follow  him.  The 
reactions  which  he  has  experimentaUy  established  are  sufficiently 
wiggestive,  and  his  broad  general  conclusions  are  entitled  to  the  most 
respectful  consideration. 

And  yet,  notwithstanding  all  that  has  been  written  on  the  subject, 
the  controversy  over  the  genesis  of  hot  springs  is  not  closed.  Wliat 
is  the  origin  of  the  carbon  dioxide  with  which  so  many  mineral 
waters  are  heavily  charged?  In  some  instances,  doubtless,  it  is 
derived  from  the  decomposition  of  limestones,  but  in  others  tliis  ex- 
planation can  not  suffice.  Hero  and  there  it  may  bo,  to  use  Sucss's 
expression,  "juvenile,''  and  e^ddence  of  the  deep-seated  origin  of  a 
spring.'  Again,  whence  comes  the  sodium  chloride  of  waters  that 
flow  from  sources  where  it  could  not  have  been  previously  laid  down  ? 
Tbese  questions  and  others  like  them  still  await  satisfactory  answers. 
With  mere  suppositions,  however  plausible  they  may  scorn,  wo  can  not 
be  content. 

A  word  in  conclusion  on  the  radioactivity  of  spring  waters.  A  very 
Iwge  number  of  such  waters  possess  this  property,  but  no  distinction 

'Coopt.  Bend.,  v^  132,  igm,  p.  740. 

>BMvite  tnd  danalita  are  other  natoral  sulphosilicates  which  might  easily  take  part  in  the  supposed 


'On  radoee  and  juvenile  carbonic  acid  in  waters,  see  an  elaborate  discussion  by  R.  Delkeskomp, 
2«»t»dir.  pfakt.  Gedogie,  1906,  p.  33;  reviewed  by  W.  Lindgrcn,  Econ.  Geology,  vol.  1, 1906,  p.  ^02. 
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between  vadose  and  juvenife  waters  can  be- based  npon  the  obaerva-. 
tions.  Waters  of  both  classes  are  radioactive,  but  the  phenomenoa 
is  perhaps  most  common  among  waters  of  volcanic  origin,  or  at  least 
among  thermal  springs.  In  the  United  States  the  Hot  Springs  of 
^Vrkansas  have  been  studied  by  B.  B.  Boltwood.^  The  springs  of 
Missouri  ^  and  the  Yellowstone  National  Park '  were  investigated  by 
II.  Schlundt  and  R.  B.  Moore.  In  each  of  these  researches  radio- 
activity was  generally  detected,  but  with  varying  intensity  within  the 
same  group  of  springs.  On  the  radioactivity  of  European  waters 
there  is  a  co])ious  literature. 
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CHAPTER  VII. 

SALINE  RESIDUES. 

DEPOSITION  OF  SALTS. 

"When  a  natural  water  is  concentrated  by  evaporation  it  deposits 
its  saline  constituents  in  the  reverse  order  of  their  solubility,  the  least 
3olul)lo  first,  the  most  soluble  last  of  alL  The  process,  however,  is 
not  so  simple  as  it  might  appear  to  be,  for  the  solubility  of  a  salt  in 
pure  water  is  one  thing  and  its  solubility  in  the  presence  of  other 
compounds  is  another.  Each  substance  is  affected  by  its  associates, 
and  its  deposition  is  partly  a  matter  of  concentration  and  partly  a 
question  of  temperature.  In  general,  the  character  of  a  saline  deposit 
can  be  predicated  from  the  character  of  the  water  which  yields  it; 
a  chloride  water  gives  chlorides,  a  sulphate  water  sulphates,  and 
waters  of  mixed  type  furnish  mixtures  of  compounds  or  even  double 
salts.  The  more  complex  the  water  the  greater  becomes  the  range 
of  possibilities. 

We  have  already  seen,  in  our  studies  of  river,  sea,  and  spring 
waters  what  a  variety  of  reactions  lead  to  the  deposition  of  insoluble 
sediments.  By  this  expression  I  do  not  mean  sediments  of  suspended 
matt<>r,  like  clays,  but  precipitates  from  solution,  such  as  sulphur, 
hydroxide  of  iron,  sinters,  tufas,  and  so  on.  These  substances  repre- 
sent something  more  than  the  results  of  simple  evaporation,  for  they 
are  produced  by  chemical  changes,  like  oxidation,  loss  of  carbonic 
acid,  etc.  We  have  i\ow  to  consider  the  consequences  of  evaporation 
itself,  and  of  the  opposite  process,  re-solution,  in  which  nothing  is 
added  to  or  taken  away  from  the  reacting  system  but  water,  except 
in  so  far  as  the  soluble  salts  are  successively  deposited  and  so  removed 
from  the  sphere  of  chemical  change.  In  salt  and  alkaline  lakes  we 
can  recognize  several  stages  of  this  process — the  precipitation  of  the 
relatively  insoluble  calcium  sulphate,  then  of  salt  or  sodium  sulphate, 
the  production  of  bitterns,  like  the  water  of  the  Dead  Sea,  and  finally 
of  solid  beds  of  various  saline  materials.  What  are  these  saline  resi- 
dues, and  what  conditions  govern  their  formation  ? 

The  most  important  of  these  substances,  considering  the  magnitude 
of  the  deposits,  are  sodium  chloride  and  calcium  sulphate,  and  their 
most  probable  origin  is  the  evaporation  of  sea  water  or  its  equivalent 
in  either  ancient  or  modem  times.  The  two  compounds  are  commonly 
associated  the  one  with  the  other,  but  not  invariably,  for  gypsum  is 
sometimes  derived  from  other  sources,  and  rock  salt  may  be  dissolved 
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ind  washed  a-way  from  a  given  locality,  perhaps  to  be  redeposited 
'Jsewhere.     Still,  the  concentration  of  salt  water,  either  from  the 
)cean  or  from  lakes,  is  the  principal  source  of  these  deposits,  and 
.hat  phenomenon  we  may  well  consider  in  detail.    The  process  has 
3een  going  on  from  Cambrian  time  down  through  all  the  mtervcning 
iges  to  the  present  day,  and  it  can  be  observed  in  actual  operation  in 
many  accessible  localities.    A  salt  lake  dries  up,  or  a  body  of  water 
is  cut  oflf  from  the  sea  by  a  bar,  and  so  permitted  to  evaporate,  and 
a  bed  of  salt  is  formed.    Si^ch  beds  are  lenticular  in  form — thick  at 
the  centers,  where  the  water  was  deepest,  and  thinning  out  toward 
the  edges ;  and  they  show,  as  a  rule,  the  same  alternation  of  material, 
but  with  variations  in  regard  to  completeness.    In  general,  the  fol- 
lo?ring  alternations  are  observed:  First,  precipitates  are  formed,  such 
as  were  considered  in  our  discussion  of  mineral  springs ;  then  calcium 
sulphate  is  deposited,  then  salt,  and  finally,  under  exceptionally 
favorable  conditions,  layers  of  the  more  soluble  compounds  which 
diaracterize  ordinary  bitterns.    This  order,  however,  is  subject  to 
seasonable  disturbances.    In  the  concentration  of  a  salt  lake  the  de- 
poeita  vary  with  the  temperature,  the  summer  and  winter  phenomena 
bring  often  unlike.    Again,  evaporation  goes  on  during  a  dry  season, 
to  be  interrupted  by  a  flood ;  and  in  the  latter  case  layers  of  silt  are 
deposited  from  time  to  time  over  the  saline  compoimds  that  had 
previously  formed.    Alternations  of  gypsum,  salt,  and  clay  are  ex- 
ceedingly common  in  saline  deposits.    In  a  lagoon,  cut  off  from  tho 
•    ocean,  a  break  of  the  sandy  barrier  or  an  exceptionally  high  tide  may 
idmit  a  fresh  supply  of  material  for  concentration,  and  so  interrupt 
the  continuity  of  the  process.    Any  change  of  conditions  will  cause 
I  oorrosponding  change  in  the  character  of  the  substances  laid  down. 
Evidently  each  bed  of  salt  should  be  studied  individually,  if  its 
history  is  to  be  imderstood ;  but  the  general  phenomena  in  tho  con- 
oentration  of  sea  water  appear  more  or  less  completely  in  every  case 
tnd  m  essentially  the  same  order. 

CONCENTRATION  OF  SEA  WATER. 

In  1849  J.  Usiglio  *  published  an  elaborate  study  of  saline  deposits 
from  Mediterranean  water,  the  samples  having  been  taken  at  sea, 
near  Cette,  but  several  miles  from  shore  and  at  a  depth  of  1  meter. 
The  water  itself  was  analyzed,  the  order  and  quantity  of  the  salts 
deposited  at  various  concentrations  were  determined,  and  analyses 
were  also  made  of  three  bitterns,  representing  different  densities  and 
differeat  stages  of  the  process.  The  four  analyses,  reduced  to  ionic 
twm  and  to  percentages  of  total  solids,  appear  in  tho  following  table. 


1  AnsAles  chim.  pbys.,  3d  ser.,  vol.  27, 1849,  pp.  02, 172. 
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Analyses  of  Mediterranean  water  and  biUems. 


A.  The  water  itself,  density  1.0258. 

B.  Bittern  of  density  1.21. 

C.  Bittern  of  density  1.361. 

D.  :Qittom  of  density  1.32. 

■ 

A 

B 

c  " 

D 

CI 

54.39 

1.15 

7.72 

.18 

31.08 

.71 

1.18 

3.59 

56.18 
1.22 
5.78' 

49.99 

2.68 

14.64 

49.13 

Br 

3.03 

SO. 

17.36 

CO, 

Na 

32.06 

.78 

.26 

3.72 

20.39 
2.25 

12.89 

K 

8.31 

Ca 

Me 

10.05 

14.28 

*'■»•© 

Salinitv.  per  cent 

100.00 
3.766 

100.00  , 
27.546 

100.00 
33.712 

100.00 
39.  619 

The  deterpaiiiations  of  bromine  in  these  analyses  are  obviously 
excessive  and  those  of  potassium  are  low,  but  otherwise  the  data  in  the 
first  column,  considering  the  time  when  they  were  made,  agree  fairly 
well  with  the  more  recent  figure©  given  in  Chapter  III  of  this  volume. 
They  show,  first,  the  elimination  of  calcium  as  carbonate,  and  later 
as  sulphate,  then  the  deposition  of  sodium  chloride,  and  finally  the 
accumulation  of  the  more  soluble  substances  in  the  mother  liquors. 

In  his  study  of  saline  deposition  Usiglio  start<3d  with  6  liters  of 
sea  water,  and  determined  the  character  and  quantity  of  the  salts  laid 
down  at  successive  stages  of  concentration.  In  the  following  table 
the  results  of  his  experiments  appear,  but  are  reduced  to  the  initial 
unit  volume  of  1  liter.     Tlie  quantities  given  are  in  grams. 


Salts  laid  down  i 

in  concentration  of  sea  tvatcr. 

Density. a 

Volume. 

rcjO,. 

CaCOa. 

CaS04 
2H2O. 

XaCl. 

MgS04. 

MgCl,. 

NaBr. 

KCl. 

1.  0258 

1.000 
.533 
.316 
.245 
.190 
.1445 
.131 
.112 
.095 
.064 
.039 
.0302 
.023 
.0162 

1.  0500 

0.0030 

0.  0642 

Trace. 

Trace. 

.0530 

1.  0836 

1. 1037 

0 

1. 1264 

0.5600 
.5620 
.1840 
.1600 
.0508 
.1476 
.0700 
.0144 

1. 1604 

1. 1732 

1.  2015 

1.  2138 

3.  2614 
9.6500 
7.8960 
2.  62-i0 
2.  2720 
1.4040 

0.0040 
.0130 
.0262 
.0174 
.0254 
.5382 

0.0078 
.0356 
.0434 
.0150 
.0240 
.0274 

1.  2212 

1.  2363 

0.  0728 
.0358 
.0518 
.0620 

1.  2570 

1.  2778 

1.3069 

Total  deposit. 
Salts  in  last  bittern. 

.0030 

.1172 

1.  7488 

27.  1074 
2.5885 

.6242 
1.8545 

.1532 
3.1640 

.2224 
.3300 

6  5339 

Su 

m 

.0030 

.1172 

1.7488 

29.  6959 

2.  4787 , 

3.3172 

.5524 

.5339 

a  Given  by  Usiplio  in  Baum^  degrees.    Restated  here  in  the  usual  specific  gravities. 
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Upon  further  concentration  of  the  mother  liquors  Usiglio  obtained 
variable  results.  Mere  cooling  from  the  temperature  of  day  to  that 
of  night  was  sufficient  to  precipitate  additional  magnesium  sulphate, 
which  redissolved  partially  the  day  following.  After  that  more  salt 
was  thrown  down,  then  the  double  sulphate  of  magnesium  and  potus- 
ahim,  next  the  double  chloride  of  the  same  metals^  and  finally  mag-, 
nesium  chloride  crystallized  out.  In  the  table  of  results  just  given 
the  order  of  deposition  is  clearly  shown.  First,  ferric*  oxide  and 
calcium  carbonate;  then  gypsum;  then  salt,  the  latter  beginning  to 
appear  when  the  water  had  been  concentrated  to  about  one-tenth  of 
its  original  volume. 

In  its  general  outlines,  then,  the  concentration  of  sea  water  is  a 
ample  phenomenon,  but  in  its  details  it  may  be  verj'  complex.  The 
loodities  at  which  it  can  be  completely  traced  are  comparatively  few 
and  the  natural  records  of  it  are,  as  a  rule,  defective.  The  mother 
fiqnois  are  easily  drained  or  washed  away,  leaving  no  trace  of  their 
enatence,  and  some  saline  deposits  have  been  partially  redissolved 
and  laid  down  with  modified  composition  elsewhere.  Salt  and  gyp- 
sum may  thus  be  separated,  and  so  the  normal  order  of  their  associa- 
tion becomes  disturbed.  Beds  of  salt,  therefore,  may  be  divided 
into  classes — as  primaiy  and  secondary,  or  as  complete  and  incom- 
plete, according  to  their  saline  character  or  the  evidence  of  their 
origin.  Of  all  known  localities  the  region  around  Stassfurt,  in  Ger- 
Dumy,  gives  us  the  best  record  of  the  complete,  or  nearly  complete, 
poceaa,  and  as  it  has  been  studied  with  imusual  thoroughness  we  may 
properly  consider  it  in  some  detail. 

Ocean  water,  as  we  have  already  seen,  contains  on  the  average 
•bout  3.5  per  cent  solid  matter  in  solution,  so  that  the  mere  evapo- 
ration of  a  closed  lagoon  would  give  a  layer  of  salt  of  only  moderate 
thickness.  But  salt  deposits  may  be  enormously  thick — a  tliousand 
Dieters  or  more,  as  at  Spefenberg,  near  Berlin — and  the  existence  of 
sach  masses  requires  some  explanation.  For  tliis  purpose  we  must 
•ssume  that  large  quantities  of  brine  have  accumulated  within  a 
baited  space,  such  as  a  deep  valley,  hke  that  of  the  Dead  Sea,  or 
behind  a  bar,  as  suggested  by  G.  Bischof,*  and  more  recently  by 
C.  Ochsenius.*  The  theory  developed  by  Ochsenius  is  briefly  as  f ol- 
lots:  Let  us  imagine  a  deep  bay,  connected  with  the  sea  by  a  narrow 
N  shallow  channel,  but  otherwise  cut  off  from  oceanic  circulation  by 
*  W.  If  no  large  streams  enter  the  bay  the  outflow  from  it  will  be 
*Diall,  but  sea  water  can  enter  freely  to  offset  the  losses  due  to  evap- 

^tion.    Evaporation,  of  course,  takes  place  only  at  the  surface, 

^ —  I 

'^^hAoeh  dar  diemischeii  unci  physikaliachen  Geologic,  2d  ed.,  vol.  2, 1864,  p.  48. 

'  IViBIUniig  der  Stelnsalzlager  und  ihrer  Muttorlaugensalze,  Hallo,  1877.  See  also  a  short  paper  in  I'roc. 
^  Kc  8eL  Pbiladelphio,  1888,  p.  181.  Ochsenius  was  sharply  criticized  by  J.  Waltbcr  in  I>as  Gesetz 
Wtfbtabildaiig,  Berlin,  1900.  Ochsenius  replied  in  Centralbl.  Min.,  Oeol.  u.  Pal.,  1002,  pp.  551,  557, 
7^  >nd  a  lefoinder  by  Walther  appeared  in  the  same  Journal,  1003,  p.  211.  See  also  O.  E.  Branson,  Bull. 
^^  America,  vol.  20,  p.  S31, 1015. 
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and  the  upper  layers,  thus  becoming  denser,  must  sink,  so  pro- 
ducing a  saline  concentration  at  the  bottom.  In  this  manner,  being 
continually  supplied  with  new  material  from  without,  the  salinity  of 
the  bay  will  gradually  increase  until  saturation  is  reached  and  the 
deposition  of  salt  begins.  So  long  as  salt  water  can  enter  the  bay 
this  process  will  continue,  and  the  depths  of  the  basin  will,  in  time, 
become  a  sohd  mass  of  salts,  covered  with  a  sheet  of  bittern.  If, 
meanwhile,  an  elevation  of  the  land  takes  place,  separating  the  bay 
completely  from  the  ocean,  evaporation  may  proceed  to  its  limit  and 
the  mother  liquor  will  deposit  its  contents.  In  the  Karaboghaz 
and  other  bays  on  the  eastern  slioro  of  the  Caspian  Sea  the  process 
of  saline  concentration  can  now  be  observed  in  actual  Operation; 
but  only  a  part  of  the  program  has  yet  been  performed 

Tliis  theory  of  Ochsenius,  however,  is  not  the  only  one  possible 
to  account  for  the  concentration  of  salt.  It  must  be  remembered 
that  salt  is  not  deposited  from  sea  water  until  the  latter  has  been 
concentrated  to  about  one-tenth  of  its  original  volume.  Suppose, 
now,  a  large  sheet  of  water  to  be  cut  oflF  from  the  ocean  by  any  change 
in  the  level  of  the  land,  and  also  that  it  contains  within  its  area  a 
deep  depression.  In  that  depression  the  water  will  gradually  become 
concentrated,  and  its  saline  load  will  tend  to  accumulate  there.  The 
layer  of  salt  in  the  depression  would  be  of  much  greater  thickness 
than  one  formed  by  evaporation  over  a  comparatively  level  bottom, 
and  if  the  surface  area  of  the  depression  were  small  in  comparison 
with  that  of  the  original  sheet  of  water,  the  depth  of  the  deposit 
might  be  very  great.  Such  a  deposit  might  also  be  reinforced  by 
leachings  from  other  salt  beds,  or  from  diffused  salt  in  adjacent  areas, 
a  process  which  is  now  going  on  in  the  valley  of  the  Dead  Sea. 

THE  STASSFURT  SAL.TS, 

In  the  Stassfurt,  or,  more  properly,  the  Magdeburg-IIalberstadt 
region,  the  order  of  deposits  is  as  follows,  going  from  the  surface 
downward:^ 

»  From  data  given  by  H.  Precht  in  Pie  Salz-Industrle  von  Stassfurt  imd  Umgegend,  18P9;  L.  Loewe* 
Zcitschr.  prakt.  Geologic,  1903,  p.  331;  II.  M.  Cadell,  Trans.  Edinburgh  Gcol.  Soc.,  vol.  5, 18»4,  p.  92;  and 
0.  Lunge  in  Thorpe's  Dictionary  of  applied  chemistry,  vol.  3,  p.  265.  See  also  C.  Ochsenius,  on  Loewe'8 
paper,  Zeitschr.  pral^t.  Geologic,  1904,  p.  23;  and  on  the  i>otai>h  salts,  idem,  1905,  p.  167.  J.  Westi^ial 
(Zoitschr.  Berg-,  Hiittcn-  u.  Salinenwcscn  preuss.  St.,  ^  ol.  oO,  1902,  p.  1)  has  given  a  history  of  the  Stassftirt 
works.  An  important  monograph  is  that  of  £.  Pfeiffer,  llandbuch  der  Kali-Industrie,  Biamiscfaweig, 
1887.  For  a  paper  by  J.  Carrie,  see  Trans.  Edinburgli  Geol.  Soc.,  vol.  8, 1905,  p.  403.  Other  refcrenca  may 
be  found  in  a  bibliography  of  saline  minerals,  Zeitschr.  prakt .  Gcologie,  1905,  p.  183.  Deutschlanda  Eali- 
bergbau,  Berlin,  1907,  contains  pai^crs  on  the  geology  of  the  saline  beds  by  H.  Everding,  and  their  dMm- 
istry,  by  E .  Erdmann,  with  exhaustive  bibliographies.  See  also  W.  Hiemann,  Die  Geoiogie  der  deatsdien 
Salzlagcrstuttcn,  Stassfurt,  1908;  and  H.  E.  Boekc,  Ucbcrsicht  der  Mineralogie,  Petrographie  und  Geologia 
der  Kalisalzlagerstatten,  Berlin,  1909.  Many  papers  relative  to  the  salt  deposits  are  in  the  Joamal  EalS; 
but  they  can  not  all  be  noticed  here.  A  recent  paper  by  O.  Riedcl  is  in  Zeitschr.  Kryst.  Min.,  voL  fiO^  1912^ 
p.  139.  On  the  quantitative  composition  of  the  Stassfurt  beds  see  M.  Kdzsa,  Zeitschr.  anorg.  Chemie^  ToL 
00,  1915,  p.  377,  and  on  chemical  changes  in  the  salts,  idem,  vol.  94, 1916,  p.  92.  For  a  general  review  of 
ooeamc  salts  see  E.  Jiinecke,  Zcitschr.  anorg.  u.  allgem.  Chemie,  vol.  100, 1917,  pp.  161, 176;  vol.  102, 101% 
p.  41;  vol.  103, 1918,  p.  1. 
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1.  Drift,  about  8  meters  thick. 

2.  Shales,  nndstones,  and  unconsolidated  clays,  of  varying  thickness. 

3.  Yoaoger  rock  salt,  thickness  very  variable,  sometimes  missing. 

4.  Anhydrite,  rarely  lacking,  30  to  80  meters  thick. 

5.  Salt  clay,  averago  thickness  5  to  10  meters,  very  rarely  absent. 

8.  The  camallite  zone,  from  15  to  40  meters  thick.  At  Douglashall  a  layer  of  rock 
fait  inter\'ene6  between  the  camallite  and  the  clay.  In  parts  of  the  field 
kainite  overlies  the  camallite,  is  itself  overlain  by  **8ylvinite"  or  "hartsalz," 
and  that  in  turn  by  schoenite.    These  subzones  are  often  missing. 

7.  The  kieserite  zone. 

8.  The  polyhalite  zone. 

9.  Older  rock  salt  and  anhydrite.    Nos.  7,  8,  and  9  have  a  total  thickness  ranging 

from  150  to  perhaps  1,000  meters.  The  anhydrite  forms  layers,  averaging 
7  millimeters  thick,  separating  the  salt  into  sheets  of  8  or  9  centimeters.  These 
layers  have  been  interpreted  as  annual  deposits,  due  possibly  to  seasonal 
variations  in  temperature  or  to  alternating  drought  and  rain.  If  this  suppo- 
eition  is  correct,  a  Stassfurt  salt  bed  900  meters  thick  would  require  10,000  years 
to  form. 

10.  Anhydrite  and  gypsum. 

We  have  now  a  complete  record  of  the  saline  deposition  at  Stass- 
fort,  ranging  from  the  calcium  sulphate  at  the  bottom  to  the  mother 
liqnor  or  camallite  salts  at  the  top.  Above  the  carnaUite  a  protect- 
ing layer  of  clay  was  laid  down;  and,  after  that,  probably,  a  now 
accession  of  sea  water  began  the  formation  of  a  second  series  of 
beds.*  This  younger  salt  and  its  underlying  anhydrite  represent  this 
later  period,  which  has  no  chemical  relation  to  the  first.  So  much 
for  the  broad  outlines.  Now  let  us  pass  on  to  the  details  of  the 
record. 

In  the  Stassfurt  deposits  more  than  30  saline  minerals  are 
found,  some  abundantly  and  some  sparingly.  Several  of  them  are 
regarded  as  primary  minerals;  others  are  derived  from  these  by 
secondary  reactions;  a  few  of  the  species  are  simply  salts,  but  the 
greater  number  are  double  compounds.  Chlorides,  sulphates,  and 
borates  are  the  characteristic  substances,  but  in  kainite  we  have  a 
nuxed  salt  containing  two  acid  radicles,  and  the  rare  sulphoborite  is 
another  example  of  similar  complexity.  Carbonates  are  repre- 
sented but  sparingly,  and  their  normal  occurrence  is  probably  tlmt 
of  the  "stinks tone,'*  or  bituminous  limestone,  which  has  been  found 
beneath  the  anhydrite.  Native  sulphur,  derived  from  anhydrite 
by  the  red.ucing  action  of  organic  matter,  is  sparingly  present  in  the 
8ah  day,*  and  more  abundantly  in  the  rock  salt  and  camallite. 
fjrritea  also  is  sometimes  found  in  the  deposits.     Bromine  is  present 

*  Bhm  vriters  regArd  the  yoonger  salt  as  having  been  formed  by  re-solution  of  older  salt  and  redeposition 
''■i*  As  the  discussion  is  pBdogical  and  not  chemical.  It  is  unessential  to  our  present  purposes. 

^fWfler,  Andi.  Pharm.,  3d  ser.,  yol.  27, 1890,  p.  n34.  On  the  salt  clay  see  K.  Marcus  and  W.  JMUz, 
'Mff.tnorf.  Chemie,  vol.  68, 1910,  p.  91.  Vanadium  was  detected  in  it.  See  also  Marcus,  idem,  vol. 
''i9.  U9, 1912,  for  many  analyses. 
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iu  the  salts  and  also  iodine,^  and  copper  is  reported  by  W.  Biltz  and* 
E.  Marcus,  as  well  as  ammonium  and  nitrates.'    Hdium  occnrB  in 

the  salts  in  traces.' 

The  essential  compounds  are  chlorides  and  sulphateSi  and  as  the 
latter  are  represented  by  the  oldest  of  the  important  strata  tliey  may- 
be considered  first.    Tlie  sulphates  found  at  Stassfurt  are  as  follows: 

Aniiydrito CaSO^. 

(Jypsiim  < CaS04.2n.O. 

(;iauborito CaSO^.Xa^SO^. 

Tolylialito 2CaSO,.MgSO,.K2S0^.2H;0. 

Knigito 4raS0^.>rgS0i.K«S0^.2ir2O. 

Kiesorito MgSO^.naO. 

Ei)8omite MgSO^.m./)  (reichardtito). 

Vanthoffite ^rgSO^-SNisSO^. 

nioetlite MgS0,.Na._.SO,. 4R.O  <astrakanite). 

lK)ewito MgSO,.Na.,SO,.2iH20. 

Langboinitc 2MgS0^.K'^0,. 

LoonitG MgSO  1-  K.SO4.4H3O. 

Pioromerito MgSO4.KaSO4.6HaO  (schoenite). 

Aphthitalilc KaXaCSO^Vj  (glaserite).» 

Kainite MgSO^.KCl.STI.O. 

Celestite,  SrSO^,  is  also  sometimes  found  in  these  deposits. 

If  we  now  study  those  compounds  with  reference  to  their  origiDi 
wo  shall  find  that  the  i)rinuiry  deposition  followed  approximately  in 
the  order  of  their  hydration.  Anliydrous  calcium  sulphate,  anhy- 
ihiio,  forms  the  lowest  member  of  the  scries,  and  gradually  mei^cs 
into  the  ohicr  salt.  In  the  latter,  glauberite  and  langbeinite,  both 
anhytlrous,  first  a])pear,  although  they  also  occur,  always  as  second- 
ary minerals,  higher  up.  According  to  H.  Precht,*  langbeinite 
replaces  polyhalite  when  the  calcium  sidphate  needed  to  fonn  the 
latter  mineral  is  present  in  insuflicient  quantity,  Polyhalite,  iu 
which  the  ratio  of  the  sulphate  molecules  to  water  is  as  four  to  two, 
comes  next,  forming  an  important  part  of  the  upper  layers  in  the 
older  salt,  and  is  followed  by  tlio  monohydrated  kieserite.  Krugite, 
which  is  still  lower  in  hydration,  occurs  with  polyhalite  in  the  younger 
salt,  so  that  the  two  species  may  bo  regarded  as  equiviilent  and 
contemporaneous.     The    more    highly    hydra  ted    species,    bloedite, 

1  On  bromine  soo  11.  \l .  Rocke,  Zcltschr.  Kr>-st .  Min.,  vol.  45, 190S,  p.  34i).  On  Iodine,  A .  Frank,  Zeitsclir. 
an'j:r\v.  Chcmic.  vol.  20, 1«J07,  p.  1270;  K.  Krdmann,  idem,  vol.  2J,  1910,  p.  342;  and  K.  Kraco,  Inaus.  Dl^- 
ILiUe,  Uk)9.  The  presence  of  iodiiio  in  tho  smalts  of  the  Stassfurt  region  proper  is  questioned  by  Boekt, 
t^rdmaiiQ,  and  Kmze.  Krazc,  hoNvever,  found  it  in  tlio  s^lts from  Ncu  Stassfurt ,  nieicherode, and  Kalusz. 
Soo  also  K.  Koehlichen,  Kali,  vol.  7,  vm,  p.  457.  On  rubidium  in  potash  salts  see  E.  Wilke,  Kail,  toL  6, 
1912,  p.  24o. 

» Zeilsclir.  anorg.  Clicmie,  vol.  02, 1909,  p.  ISl;  vol.  64, 1909,  p.  236. 

s  It.  J.  Slnitt,  Proc.  Koy.  Soc.,  vol.  81,  ser.  A ,  1908,  p.  278.  E.  Erdmann,  Ber.  Deutsch.  chem.  Genii., 
vol.  4^,  1910,  p.  777.    S.  Valenlincr,  Kali,  vol.  «,  1912,  p.  1. 

*  Probobly,  as  A.  Gcuthcr  (Liebig's  Annalen,  vol.  218, 1883,  p.  207)  Iios  shown,  the  formula  hereglveii 
to  gypsum  should  l>e  doublod.  It  then  becomes  Ca:SK)B.4IIsO,  and  the  licmihydratc,  CasSsO|.Hs0,  a 
wcll-kuoTV'n  artificial  compouml,  furnishes  evidence  in  favor  of  the  hl^lier  formula. 

B  According  to  B.  Gossner  (Zcit.schr.  Kryst.  Min.,  \o\.  ?.9, 190),  p.  155)  glai«rite  Ls  a  dcQnite  species  with 
the  formula  given  above.  J.  11.  Vun't  ITofiT  and  II.  Ban-chuU  (Zelt'X'hr.  physikal.  Chcmic,  vc.1.  £A,  1906, 
p.  212)  question  the  dcfinitcRcss  of  the  mineral,  and  regard  it  ::s  a  mixture  of  the  two  component  siilphatal. 

•  Zeitschr.  angew.  Chcmic,  1S97,  p.  6S. 
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loewite,  picroiiieritey  and  leonite,  are  priiicipaUy  found  in  the  kainito 

re^on  above  the  camallitey  and  epsomite,  with  its  seven  molecules 

of  water,  is  deposited  in  the  salt  clay.    The  anhydrous  aphthitalite 

is  a  secondary  mineral  in  the  kainite,  and  vanthoffite,  also  anhydrous, 

is  associated  with  aphthitalite  and  loewite  in  the  same  horizon.    The 

loewite  is  probably  formed  by  dehydration  of  bloedite/  and  the 

vanthoffite  by  a  reaction  between  bloedite  and  sodium  sulphate,  the 

process  being  modified  by  the  presence  of  other  substances.    The 

langbeinite  of  the  kainite  region  is  commonly  regarded  as  a  secondary 

product,  but  it  may  have  been  one  of  the  parent  species,  for  F.  R. 

Mallet,'  who  has  described  this  mineral  as  found  in  the  Punjab  salt 

range  of  India,  observed  that  on  exposure  to  moist  air  it  gained  57 

per  cent  in  weight  and  altered  into  a  mixture  of  epsomite  and  picro- 

merite.    On  the  other  hand,  langbeinite  itself  may  be  derived  by 

various  reactions  from   other  Stassfurt  species,   such   as  loonite, 

kainite,  kieserite,  and  picromerite,  as  Van't  Hoff  and  Meyerhoffer 

have  shown.     The  fact  that  a  given  salt  may  bo  produced  by  several 

different  reactions  warns  us  to  be  cautious  in  making  assertions  as 

to  its  origin  at  any  specified  point.    Concentration  and  temperature 

are  two  of  the  determining  factors  in  the  deposition  of  salts,  and  the 

possible  reactions  are  also  profoimdly  modified  by  the  presence  of 

other  compounds.     Van't  Hoff  and  his  colleagues  have  determined 

experimentally  many  of  the  conditions  under  which  the  Stassfurt 

minerals  occur  or  can  be  produced,  and  find  that  their  temperatures 

of  formation  in  a  saturated  solution  of  common  salt  arc  lower  than 

in  the  absence  of  that  compound.     The  elaborate  researches  of  these 

authors,  however,   are  not  available  for  abstraction  hero,   partly 

because  they  are  complicated  by  diagrams,  and  partly  because  the 

investigations  are  not  yet  complete.    Only  in  a  special  monograph 

upon  the  Stassfurt  beds  could  all  the  details  of  their  investigations 

be  adequately  discussed.*  • 

The  chlorides  found  in  the  Stassfurt  region  are  as  follows: 

Qilite  or  rock  salt,  NaCl. 

Bj^vite,  KG.     "Sylvinite"  is  a  mixture  of  sylvite  and  rock  salt,  while  the  "Hart- 

■Jz"  contains  these  substances  together  with  kieserite. 
Douglisite,  K2Fea4.2HaO.(?) 
CuoaUite,  KMgClg.eH^O. 

TWihydrite,  2MgCla.CaCla.l2H30=3(RCl3.4H30),* 
Kachofite,  MgCl,.6H,0. 

*8«  J.  H.  Vont  Hoff,  Bitrnngsb.  Akad.  Berlin,  1902,  p.  414.  Also  Van't  Hoff  and  W.  Meycrhoflcr, 
Id«,  1908,  p.  67S;  IfKM,  p.  CSO. 

'HbeniQg.  Mag.,  vol.  12, 1809,  p.  159. 

'Vint  Hoff  and  his  associates  have  already  published  about  (iriy  papers  on  the  Btassfurt  Falts,  In 
^^'I'QBgib.  Akad.  B«rUn,  from  1897  to  1907.  See  also  Van't  Hoff,  Physical  chemistry  in  the  service  of  the 
"^t&eeB,  Chicago,  1903;  Zor  Bildmig  dcr  oseanlschen  Salzablagerungen,  Braunschweig,  1905;  and  an 
•**«iin  Ber.  Inteniat.  Kong,  angew.  Chemie,  Berlin,  1903.  Also  summaries  by  E.  F.  Armstrong,  Proc. 
^*fah  Assoc.  Adv.  Bd,  1901,  p.  262,  and  E.  Jftnecke,  Zeitschr.  anorg.  Chcmic,  190C,  p.  7.  For  a  graphic 
'^"^oentatldi  of  the  saline  associations  see  also  H.  E.  Boeke,  Zeitschr.  Kryst.  Min.,  vol.  47, 1910,  p.  273. 

*n<«ke,  in  a  private  communication,  suggests  tliat  if  the  formula  of  carnallite  is  doubled,  to 
^s*IlA.12H|0,  tachhydrite  becomes  CaMgiCl«.12H,0.  That  is,  the  salts  are  analogous,  Ca  in  one 
"P^Eiinthfl  other. 
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With  the  exception  of  the  rock  salt,  which  forms  tho  great  mass 
of  the  deposits  overlying  tho  anhydrite,  these  chlorides  represent  the 
concentration  of  the  mother  liquors  in  the  camallite  zone.  They  were 
the  most  soluble  compounds  potentially  existing  in  sea  water,  and, 
\Nnth  tho  sulphato-chloride,  kainite,  were  among  the  last  substances 
to  crystallize.  Halite  and  douglasite  were  distinctly  primary 
deposits;  camallite  was  generally,  and  sylvite  occasionally,  primary; 
tachhydrite  and  bischofite  wore  secondary  products.  Kainito  was 
soniotimos  one  and  sometimes  the  other.  The  **Hartsalz,"  according 
to  Van"  t  Iloff  and  Meyerhoffcr,*  is  a  secondary  product  formed  by  the 
action  of  solutions  upon  a  mixture  of  camallite,  kieserite,  and  sodiiun 
chloride,  which  was  preceded  by  the  splitting  up  of  kainite  into 
sylvite  and  kieserite.  The  kainite,  in  its  most  conspicuous  develop- 
ment, lies  between  the  camallite  and  the  "Ilartsalz.''  From  the  car- 
nallito  itself,  sylvite  and  bischofite  may  be  derived,  or  it  may  bo 
formed  by  the  direct  imicm  of  these  species,  which  are  its  two  com- 
ponents. According  to  C.  Przibylla,'  when  sylvite  and  bischofite 
combine  to  form  camallite,  there  is  an  increase  of  4.95  per  cent  in 
volume.  Possibly,  therefore,  the  formation  of  camallite  at  low  levels 
is  prevented  by  pressure. 

In  one  essential  respect,  the  foregoing  paragraph  demands  qualifi- 
cation. According  to  Boeke  ^  the  existence  of  douglasito  is  doubtful. 
jVnother  mineral,  riimeite,  discovered  by  him  in  the  "Hartsalz"  of 
Saxony  and  the  Ilarz,  has  tho  formula  FeCljSKQ.NaCl.*  The  sub- 
stance named  douglasite  may  have  been  identical  with  this.  Boeke, 
moreover,  regards  the  *'IIartsalz"  as  a  direct  deposition  for  the 
reason  that  it  is  distinctly  stratified. 

Two  other  chlorides,  not  found  at  Stassfurt,  have  been  described 
from  similar  deposits  in  adjacent  regions.  Koenenite,  discovered  by 
P.  Rinnc  ^  in  salts  from  Volpriehausen  in  the  Sollingerwald,  has  the 
complex  formula  Al203.3Mg0.2MgCl2.6  or  SlIjO.  Baeumlerite,  from 
the  Leine  valley  in  Hannover,  according  to  O.  Renner  •  is  KQ.CaQ^ 

With  the  camallite  and  its  overhnng  potassium  salts,  tho  borates 
generally  occur.  They  are  boracite,  sulphoborite,  pinnoite,  aschar- 
ite,  and  heintzite;  one  other,  hydroboracite,  is  found  earlier  in  the 
series,  near  the  lower  limit  of  the  polyhalite  zone.  These  species  are 
relatively  rare,  except  the  boracite,  and  it  is  not  necessary  to  consider 

1  Sitzungsb.  Akad.  Berlin,  IWJQ,  p.  HOC.  See  also  J.  H.  Vant  Hoff,  F.  B.  Kenrick,  and  H.  If.  Daw- 
son, Zcitikhr.  phy.^iknl.  ('hemic,  vol.  39, 1902,  p.  27,  or.  Ihe  conditions  of  formation  of  tachhydrite. 

i  CcDtralbl.  Min.,  Geol.  u.  Pal.,  1901,  p.  234. 

s  Nctics  Jahrb.,  1909,  Bd.  2,  p.  19.  For  tho  first  description  of  rinneite,  sec  Contralbl.  Mln^  GeoL  vu  Fal.» 
1909,  p.  72.  On  the  sjntbcsis  of  rinneilc  see  Boeke,  Sitzungsb.  Akad.  Berlin,  vol.  24, 1910,  p.  632.  Boeke 
has  described  the  iron  compounds  of  the  Stassfurt  beds  in  Kcues  Jahrb.,  1911,  Bd.  1,  p.  48,  and  CentralbL 
Min.,  Gcol.  u.  Pal.,  1911,  p.  48.    Sec  also  F.  Rinne  and  R.  Kolb,  idem,  p.  357. 

*  O.  Scbnclslcr  ((.cntnilbl.  Min.,  Gcol.  u.  Pal.,  1909,  p. 503)  regards  the  KaCl  of  rinndte  as  a  mechanii«l 
admixture. 

•Contralbl.  Min.,  Gcol.  u.  Pal.,  1902,  p.  493. 

•Idem,  1912,  p.  IOC. 
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them  any  further  at  this  point,  for  their  occurrence  tells  us  little 
about  the  main  phenomena  of  saline  concentration. 

Wemnst  not  suppose,  for  an  instant,  that  these  zones  of  deposition 
ire  regularly  and  completely  separated,  nor  even  that  they  represent 
in  any  close  degree  the  products  observed  in  the  artificial  evaporation 
of  sea  water  or  brine.  In  the  latter  case  a  moderate  quantity  of  water 
is  concentrated  by  itself;  at  Stassfurt  more  water  was  continually 
added  from  the  ocean.  On  the  one  hand  calcium  sulphate  is  deposited 
almost  wholly  at  one  time;  on  the  other  new  quantities  were  precipi- 
tated 80  long  as  the  evaporating  bay  retained  its  connection  with  the 
sea.  In  the  salt  pan  gypsum  forms  a  bottom  layer  before  salt  begins 
to  separate  out;  at  Stassfurt  anhydrite  is  found  in  greater  or  less 
amount  through  all  the  zones,  and  so  also  is  the  sodium  chloride. 
When  a  shallow  lake  or  isolated  lagoon  evaporates,  the  artificial 
process  is  closely  paralleled,  but  a  concentration  with  continuous 
replenishment  lasting  for  thousands  of  years  is  a  very  different  thing. 
The  principles  are  tmohanged,  the  broad  outlines  remain  the  same, 
but  the  details  of  the  process  are  greatly  modified. 

E.  Erdmann  *  regards  the  Stassfurt  salts  as  having  been  formed 
from  a  shallow  portion  of  the  Permian  ocean,  which  covered  a  great 
part  of  North  Germany  and  became  isolated  from  the  main  sea. 
The  evaporation  products  collected  in  depressions  of  the  land  and 
were  reinforced  by  calcium  sulphate  from  fresh-water  aflluents. 
Sea  water  alone  contains  too  little  calcium  to  account  for  the  anhy- 
drite present  in  the  beds.  Walther's  views  are  similar.  Both  reject 
the*  bar"  theory. 

We  are  now  in  a  position  to  trace  more  distinctly  the  phenomena 
which  attended  the  formation  of  the  beds  at  Stassfurt.^  For  a  long 
time  only  gypsum  was  deposited;  but  later,  as  the  concentration  of 
the  bay  increased,  salt  also  was  laid  down,  and  by  its  action  the  gyp- 
sum Was  converted  into  anhydrite.'  From  this  point  onward,  for  a 
considerable  period,  the  calcium  sulphate  derived  from  the  influx  of 
sea  Water  above  fell  through  a  deep  layer  of  concentrated  brine  and 
Was  deposited  directly  as  anhydrite,  in  alternating  layers  with  the 
salt.*  When,  however,  so  much  salt  had  been  precipitated  that  the 
supernatant  solutions  had  become  bitterns  rich  in  magnesium  salts, 
the  calcium  sulphate  united  with  these  salts,  and  polyhalito  was 
formed.    The  polyhalite  region  at  Stassfurt  is  essentially  a  bed  of 

>  ZeUschr.  angew.  Cheznie,  voL  21, 1908,  p.  IGSo.  A  short  additional  communication  by  Erdmanu  I;>  in  t  )iC 
lUDeioamal,  voL  22, 1909,  p.  238. 

'CL  0.  Umgfi,  Tliorpe*8  dictionary  of  applied  chemistry*  vol.  3, 1893,  p.  20-S. 

» Attording  to  J.  H.  Van't  Hofl  and  F.  Wcigert,  Sitiungsb.  K.  Akad.  Wlss.  Berlin,  1901,  p.  1140,  anliy- 
drite fonns  from  gypewim  in  sodium  chlorido  solutions  at  30".  In  sea  water  the  transformation  takes  plaeo 
•125*. 

•CLJ.H.Van'tIIoflandP.Farup,Sitamgsb.Akad.Bcrlin,1903,p.l000.  H. Vatcr (Idem,  19C0,p.270) 
^»rnwmiilu<!  anhydrite,  and  gives  many  references  to  literature.  At  ordinary  temperatures,  according 
to  Vitv^ealdnm  solpbate  crystallises  firom  a  saturated  solution  of  salt  in  the  form  of  gypstmi. 
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rock  salt,  containing,  with  other  impurities,  from  6  to  7  per  cent  of 
the  now  mineral.  Possibly  syngenite,  CaK2(S04)2.H20,  a  species 
which  occurs  in  a  similar  deposit  at  Ealusz  in  Galicia  but  which  does 
not  seem  to  bo  recorded  from  Stassfurt,  was  first  produced.  Syn- 
genite may  be  prepared  artificially  by  the  direct  action  of  potassium 
sulphate  upon  gypsum,  and  it  is  converted  by  strong  solutions  of  mag- 
nesium chloride  and  sulphate  into  polyhahte.*  The  occurrence  of 
syngenite  at  Ealusz  is  below  the  potassium  salts,  in  rock  salt  contain- 
ing anhydrite.  It  is  therefore  the  equivalent  in  position  of  polyhalite.' 
As  the  concentration  of  the  magnesian  mother  liquors  increased, 
kieserito  was  produced,  the  dehydrating  action  of  magnesium  chlo- 
ride preventing  the  formation  of  epsomite.  H.  Precht  and  B.  Witt- 
jen  ^  have  shown  that  when  magnesium  chloride  and  sulphate  are 
dissolved  together  and  the  solution  then  evaporated  upon  the  water 
bath,  kieserite  separates  out.  Thus  the  kieserite  zone  was  formed, 
wliicJi  contains,  on  an  average,  65  per  cent  of  rock  salt,  17  of  kieserite, 
13  of  camaUite,  3  of  bischofite,  and  2  of  anhydrite.  At  this  point 
polyhalito  disappears.  The  last  step  in  the  concentration  was  the 
formation  of  camaUite,  with  its  associated  minerals,  from  the  chlo- 
rides which  had  hitherto  remained  in  solution.  The  average  com- 
position of  this  zone  is  55  per  cent  of  camaUite,  25  of  rock  salt,  16 
of  kieserite,  and  4  of  various  other  minerals.  The  kainite  layers 
above  the  camaUite  were  probably  formed  by  the  action  of  perco- 
lating waters  upon  the  latter  mineral,  in  presence  of  some  kieserite. 
FinaUy,  a  protecting  layer  of  mud  or  clay  was  laid  down  over  the 
mass  of  salts,  preventing  in  great  measiu-e,  but  perhaps  not  entirely, 
their  subsequent  re-solution.  Into  aU  of  the  foregoing  reactions  one 
element  entered  which  counts  for  little  in  their  imitation  on  a  smaU 
scale — ^namely,  the  clement  of  time.  The  prolonged  action  of  the 
mother  Uquors,  during  thousands  of  years,  upon  the  earUer  deposits, 
must  have  been  much  more  thorough  than  their  eflfect  during  an 
experiment  m  the  laboratory.  In  the  latter  case  the  soUd  deposits  arc 
usuaUy  removed  from  time  to  time,  so  that  the  procedure  does  not 
accurately  repeat  the  operations  of  nature.  These  considerations 
should  especially  bo  taken  into  account  in  studying  the  transforma- 
tion of  gypsum  into  anhydrite,  or  the  reverse  reaction  which  has 
often  been  observed.^     Beds  of  anhydrite  may  take  up  water  and  be 

>  K.  E.  Basch,  Sitzungsb.  K.  Akad.  Wiss.  Berlin,  1900,  p.  1084. 

« A.  Aigncr  (Ocsterr.  Zcitsclir.  Berg-  u.  HUttcnw.,  1901,  p.  680)  has  described  the  Austrian  polyhalite. 
For  analyses  of  kainite,  camallitc,  etc.,  from  Kalusz  and  Aussec,  see  C.  von  John,  Jahrb.  K.-k.  geol.  Belcbs- 
anstalt,  vol.  42,  1892,  p.  341.  On  mirabilito  from  Kalusz,  see  R.  Zaloziocki,  Monatsh.  Cbemic,  vcL  13, 
1892,  p.  504.  Two  papers  on  the  jxttash  salts  of  Austria  and  the  Tyrol  by  R.  G5rgcy  arc  in  Kin.  pot.  Ifltt.. 
vol.  28,  1909,  p.  334,  and  vol.  29,  1910,  p.  US.  GOrgey  (idem,  vol.  31, 1912,  p.  339)  has  also  describod  the 
potash  salts  of  Wittelsheim,  Alsace.  Another  paper  on  these  Alsatian  salts,  by  M.  R6zsa,  is  in  Zcltschr. 
anorg.u.allgcm.Chcmlc,vol.  93,1915,  p.  137.  On  Spanish  deposits  see  C.  Rubio  and  A.  Marin,  Bol.  Inst, 
geol.  Espafla,  vol.  34, 1914,  p.  173. 

■  Ber.  Deutsch.  chcm.  Gcsell.,  vol.  14, 1881,  p.  2131. 

« Cf.  F.  llammcrsclimidt,  Min.  i)et.  Mitt.,  vol.  5, 1882-«3,  p.  272;  and  J.  F.  McCalob,  Am.  Chcm  Jour., 
vol.  11, 1889,  p.  34. 
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reooiiYorted  into  gypsum  through  considerable  depths,  as  at  Bex  in 
SmtAeriftud,  where  the  alteration  has  reached  a  thickness  of  60  to 
100  feet.  Time  is  an  important  factor  in  all  such  transformations, 
especially  when  one  of  the  reacting  bodies  happens  to  bo  a  solid  of 
idatively  low  solubihty. 

The  temperature  conditions  which  governed  the  deposition  of  the 
Staaefurt  salts  are  briefly  summed  up  by  Van't  Hoflf  ^  as  follows: 

1.  Qlaaberite,  formed  above  10®. 

2.  Langbeimte,  formed  above  37®. 

3.  Loewite,  formed  above  43®. 

4.  Vanthoffite,  formed  above  46®. 

5.  Locwite  with  glaserite,  formod  above  57®. 

6.  Loewite  with  A-anthoffite,  formed  above  60®. 

7.  Kieserite  with  syhite,  formed  above  72®. 

This  scale  of  temperatures  is  designated  as  a  "geological  ther- 
mometer/' and  gives  us  something  like  a  definite  idea  of  past  condi- 
tions in  the  Stassf  urt  beds.' 

OTHER  SALT  BEBS. 

The  Stassfurt  deposits,  as  has  already  been  indicated,  are  alto- 
gether exceptional  in  their  completeness.  Rock  salt  is  generally 
found  in  much  thinner  deposits,  and  as  a  rule  it  is  unaccompanied 
l)y  potassium  or  magnesium  salts  in  any  notable  quantities.  Gypsum 
or  anhydrite,  however,  is  commonly  present,  either  under  the  salt 
win  its  near  neighborhood.  Where  gypsum  is  absent  we  may  infer, 
with  a  fair  d^ree  of  probability,  that  the  salt  is  of  secondary  origin 
ttd  not  derived  directly  from  sea  water,  or  that  it  came  from  the 
evaporation  of  a  salt  lake  which  contained  either  no  calcium  or  no 
sdphates.  Gypsum,  of  course,  can  not  form  unless  its  constituents 
•w  at  hand.  Furthermore,  gypsum  may  bo  produced  otherwise 
than  from  the  concen^ation  of  sea  water,  and  it  may  exist  «s  a 
remainder  where  the  more  soluble  salts  have  been  washed  away.  It 
can  occur  independently  of  or  concomitant  with  the  presence  of  rock 
ttlt,  and  each  locality  must  be  considered  on  its  individual  merits. 
On  some  small  coral  islands  in  the  Pacific  gypsum  is  found  as  a  resi- 
due from  the  evaporation  of  lagoons,  in  beds  which  may  reach  2  feet 
m  thickness.'  Here  the  origin  from  sea  water  is  evident.  On  the 
oflier  hand,  waters  containing  little  or  no  salt  often  deposit  gypsum. 
L  C.  Russell,*  for  instance,  has  described  such  a  deposit  at  Fillmore, 
^tah,  which  covers  an  area  of  12  square  miles  and  has  been  opened 
to  a  depth  of  6  feet  without  reaching  bottom.     Gypsum  is  also  com- 

*<«ttaehr.  EWctrocfaemie,  vol.  11, 1905,  p.  709. 

'^Mftatific  investigation  of  the  Stassfort  salts  is  being  continued  by  a  societ}'  formed  for  that  pur- 
V*^  VValiit  of  the  publications  of  its  members  see  Vann  Uoft,  Sitzungsb.  K.  Akad.  Wiss.  Berlin,  No. 

•I.  D.  Djna^  Manual  of  geology,  4th  ed.,  p.  120.  On  the  Cb-Indus  (India)  salt  bwls,  which  contain 
••••■tamytjisee  W.  A.  K.  Christie,  Rec.  Geol.  Survey  India,  vol.  44, 1914,  p.  241. 

•Hon.  u,  8.  Gaol.  Survey,  vol.  11, 1885,  p.  M.  The  deposition  of  gj-psum  by  I.ako  Chichen-KaxukU, 
>iKiii&,  was  mentionad  in  Chapter  V. 
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moji  as  an  efflorescence  or  incnistation  in  caves,*  and  it  can  be  pro- 
duced by  the  alteration  of  other  rocks.  The  oxidation  of  pyritti  in 
limestone  may  form  g}7)stim ;  or,  as  was  shown  in  the  preceding  chap- 
tor,  it  can  originate  from  double  decomposition  between  other  metallic 
sulpliatrs  and  calcium  carbonate.  L.  W.  Jowa,*  for  example,  pre- 
l)ared  sclenito  in  measurable  crj'stals  by  the  action  of  a  solution  of 
ferrous  sulphate  on  chalk. 

In  the  Saliiia  formation  of  Xew  York  gypsum  occurs  above  the 
salt,  and  its  presence  is  attributed  by  Dana'  to  the  alteration  of  the 
overlying  *'  Waterlime  "  beds.  In  this  region  the  salt  occurs  in  layers 
intei-stratified  with  shales,  a  series  of  shallow-water  deposits  having 
becMi  successively  covered  by  bodies  of  mud  or  clay.*  At  Goderich, 
Canada,  a  similar  but  not  identical  alternation  has  been  observed.' 
Here  a  boring  1,517  feet  deep  revealed  dolomite  and  anhydrite,  and 
above  that  were  six  beds  of  salt  alternating  with  similar  materials. 
The  uppermost  salt  was  struck  at  1,028  feet,  and  at  876  feet  dolo- 
mite, with  scams  of  gypsum,  was  found.  The  anhydrite  at  bottom 
was  ])r(»bably  normal;  but  what  the  upper  gy]>sum  signifies  is  not 
clearly  shown.  It  may  bo  the  beginning  of  an  unfinished  concentra- 
tion, or  else  quite  independent  of  the  salt  below.  Throughout  the 
region  of  salt  more  or  less  anhydrite  was  found,  but  potassium  com- 
pounds were  either  absent  or  present  only  in  traces.  Neither  in 
Xew  York  nr>r  in  the  Goderich  deposits  were  the  mother  liquors  per- 
mitted to  crvstallize.' 

The  great  salt  deposits  of  Louisiana  and  Texas  are  associated  not 
only  with  gyi)sura  but  also  with  sxdphur,  sulphurous  gases,  and 
petroleum.  At  fii*st,  before  the  petroleum  was  discovered,  the  salt 
beds  wore  regarded  as  of  marme  origin.^  Later,  R.  T.  Hill*  inter- 
preted them  as  derived  from  hot  saline  waters  rising  from  great 
de])ths,  and  a  similar  view  was  put  forth  by  L.  Ilager.*  E.  Coste,** 
a  strenuous  advocate  of  the  volcanic  origin  of  peti'oleum,  has  argued 
that  the  salt  is  its  obvious  companion,  but  his  argument  is  hardly 
conclusive.  Sodium  chloride  is  known  as  a  volcanic  sublimate,  and 
some  authoi-s  have  argued  that  the  salt  of  the  ocean  is  volcanic  also; 
but  extreme  views  of  this  sort  are  rarelv  sound.  The  most  that  can 
be  said  is  that  the  origin  of  the  Louisiana-Texas  salt  has  not  yet 

»  SiK*  (J.  r.  Merrill.  Proo.  I'.  S.  Nat.  Mus.,  vol.  17,  lOO.",  p.  77. 
3  Annalos  Soc.  g(^l.  UelBi<iue,  vol.  23, 180i>-D6,  p.  cxxviii. 
5  Manual  of  geolopy,  4lh  c«l.,  p.  iiO^t. 
<  fc?cc .sections  fjivcn  in  JJull.  Xew  York  State  Mua.  Xo.  11, 1S93. 

•  T.  S.  Hunt,  (Jeol.  Survey  Canada,  Rept.  Progress,  1876-77,  p.  221, 

c  The  solubility  of  calcium  sulphate,  gj-psum,  anhydrite,  etc.,  in  \Fater  and  varioos  sofaitioaa  has  ben 
elaborately  studied.  See  an  excellent  summary  by  F.  K.  Cameron  and  J.  M.  Bell,  in  Bull.  No.  33«  Bar. 
Soils,  r.  S.  Dept.  Agr.,  1906. 

'  Sec,  for  example,  G.  I.  Adams,  Bull.  U.  S.  Geol.  Survey  No.  IM,  1901,  p.  49.  Also  doobti  nlsed  \iy 
C.  W.  Hayes  and  W.  Kennedy  in  Bull.  U.  S.  Geol.  Survey  No.  212, 1903,  p.  Hi, 

•  Jour.  Franklin  Inst.,  voL  154, 1902,  p.  273. 

•  En;;,  and  Min.  Jour.,  vol.  78, 190-J,  pp.  137, 180. 
10  Jour.  Canadian  Min.  Inst.,  vol.  6, 1903,  p.  73. 


SALINE  RESIDUES. 


225 


lecdTed  its  final  interpretation.^  It  would  bo  most  unwise  to  claim 
that  all  salt  deposits  are  formed  in  the  same  way.  Some  are  certainly 
marine,  some  are  residues  from  salt  lakes,  others  may  represent  con- 
centratioiis  from  magmatic  waters.  The  subject,  however,  is  so  large 
that  a  more  extended  discussion  of  it  is  impracticable  here. 

ANALYSES  OF  SALT. 

Neither  salt  nor  gypsum  is  found  in  nature  in  a  state  of  absolute 
purity,  although  that  condition  is  sometimes  very  nearly  approxi- 
mated. Being  deposited  from  solutions  containing  other  substances, 
[  8ome  of  the  latter  are  always  carried  down  and  reveal  their  presence 
t  on  analysis.  Analyses  of  rock  salt  are  exceedingly  numerous,  and 
I  only  a  moderate  number,  enough  to  show  the  range  of  variation  in 
'    the  mineral,  need  be  cited  here.' 

1^  Analyses  of  roch  salt. 

j        A.  Salt  from  Godeiicb,  Canada.   Analysis  by  Gould,  for  T.  Stcrry  Hunt,  Gcol.  Survey  Canada,  Rcpt. 
I      7nCRS,lS7^77,  p.  233. 

B.  Sattfrom  Kingman,  Kansas.   Analysis  by  E.  H.  S.  Bailey  and  E.  C.  Case,  Kansas  Univ.  Ocol.  Cur- 
vij,  Tol.  7, 19Q2,  p.  73.    Ten  other  analyses  of  rock  salt  are  given,  mostly  purer  than  this. 
CSattneincmstatioinyTatliill  Marsh,  Kansas.   Idem,  p.  70.    Analysis  made  in  the  University  of  Kansas 
libonfavy,  but  analyst  not  named. 
D.  Silt  from  Petit  Anse,  Louisiana.    Analysis  by  F.  V«'.  Taylor,  Mineral  Resources  U.  S.  for  18S3,  V.  S. 
G«oL  Surrey,  p.  564. 
£.  Salttrom  LeoncitOy  La  Bioja  Province,  Argentina.    Analysis  by  7^.  Harrerath,  Bol.  Acad.  cao.  eicn. 
Cdtdoba,  Argentina,  toI.  10,  1890,  p.  427.    Remarkable  for  its  high  proportion  of  potassium  salts.    Uor- 
path  giTes  nineteen  analyses  of  Argentine  salt,  some  of  them  representing  great  purity,  but  several  ap- 
pittcking  this  one. 

F.  Salt  stila^ite  from  a  disused  working  at  Redhaugh  colliery,  Gateshead,  England.  Anal3rsis  by 
W.  H.  Dmm,  published  by  P.  P.  Bedson,  Jour.  Soc.  Chem.  Ind.,  vol.  8,  18S9,  p.  93.  This  analysis,  in 
ibeorigiBal,  is  stated  in  the  form  of  radicles.    It  is  recalculated  here  to  sal  ts  for  unlf  orniity  with  the  others. 

G.  adtfhun  bed  deposited  by  the  Blatwee  Lskke,  north  of  the  Albert  Edward  Nyanza,  central  Africa, 
^ysbby  H.  S.  Wellcome;  abstract  in  Jour.  Soc.  Chem.  Ind.,  vol.  9,  1890,  p.  734.  An  analysis  of  the 
Ucevater  by  K.  Pappo  and  H.  D.  Richmond  is  also  given  in  this  Journal.    See  ante,  p.  109. 
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*In  fioU.  Gcol.  Survey  Ldoisiana  No.  7,  1908,  O.  D.  Harris  describes  the  salt  deposits  and  discusses 
^vigbi.  He  also  gives  a  very  complete  summary  of  information  on  the  salt  deposits  of  the  world. 
^hDottiestise  on  salt,  covering  the  globe,  is  by  J.  O.  von  Buschman,  Pas  Salz,  2  vols.,  Leipzig,  1906 


J|U||iVbQrpe*g  DIctiooary  of  applied  chemistry,  vol.  4,  p.  430,  for  additional  data.  Also  Ocol.  Survey 
l^'^D,  vol.  a,  appendU  B,  and  vol.  5,  pt.  2,  for  Michigan  salt  and  brines;  Bull.  Now  York  State  Mus. 
pUjIor  K«w  York  examples;  Prel.  Rept.  Oeol.  Louisiana,  1S99,  for  material  ftom  that  State;  and  C.  I. 
^^li  Bon.  8oc.  cbim.,  3d  ser.,  vol.  2, 1889,  p.  4,  for  analyses  of  Rumanian  salt.  Some  Rumanian 
''^P^ contain  as  high  as  60.9  per  cent  of  sodinm  chloride. 

imSO'—lO— BuJJ.  695 15 
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In  addition  to  the  impmities  shown  in  the  analyaes,  rock  salt  fre- 
quently contains  gaseous  inclusions.  These  have  been  often  exam- 
ined, recently  by  N.  Costachescu,^  who  finds  some  of  them  to  consist 
mainly  of  nitrogen,  and  others  mainly  of  methane.  Other  hydre- 
carbons  and  carbon  dioxide  are  also  found.  Rock  salt  is  not  uncoHV-: 
monly  colored,  especially  blue.  This  coloration  has  been  attributed 
to  organic  matter,  and  recently,  by  H.  Siedentopf,'  to  the  presence 
of  minute  particles  of  metallic  sodium.  Tliis  very  remarkable  con-, 
elusion  would  seem  to  require  confirmation. 

ANALYSES  OF  GYPSUM. 

For  gypsmn  the  following  analyses,  all  made  in  the  laboratory  of 
the  Ignited  States  Geological  Survey,  arc  sufficient  to  show  its  usual 
character:' 

A  nalj/scs  of  gypsu m . 

A.  From  milsboro.  New  Bnmswick.    .Voalysis  by  George  Stciger. 

B.  From  Alabaster,  Michigan.    Analj'sis  by  Steigcr. 

C.  From  east  of  Cascade,  Black  HIILt,  South  Dakota.    Analysis  by  Stelger. 

D.  K.  From  Nephi,  Utah.    Analyses  by  E.  T.  Allen.    This  material  evidently  contains  admixed  anhy- 
drite. 
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^  Ann.  Univ.  Jussy,  vol.  4, 1906,  p.  3.    The  author  gives  a  good  simimary  of  earlier  invcstlgatioos. 

*  Fhysikal.  Zeltschr.,  vol.  6,  1905,  p.  855.  Seo  also  I..  Wohlcr  and  H.  Kasamovrski,  Zcitachr. 
Chcmie,  vol.  47, 1905,  p.  853,  and  F.  Comu,  Centralbl.  Min.,  Gcol.  u.  Pal.,  1007,  p.  160,  and  Ncues  Jahibu, 
1908,  p.  32.  G.  Spczia  (Centralbl.  Min.,  Gcol.  u.  Pal.,  1909,  p.  396)  cites  experimental  evidence  advene !• 
Sicdentopf's  views.  E.  Erdmann  (Ber.  Deutsch.  chem.  Gesell.,  vol.  43,  p.  7r7)  ascribes  the  bins  of  salt  la 
radioactivity,  which  is  known  to  effect  color  changes  in  minerals. 

s  For  other  data  relative  to  the  composition  and  origin  of  gypsum,  see  G.  P.  Grimsley  and  £.  H.  S.  BaXkfft 
Univ.  Geol.  Sur\cy  Kansas,  vol.  5, 1899.  Also  E.  C.  Eckel,  Bull.  I'.  S.  Oeol.  Survey  No.  213, 1903,  p.  407; 
G.  P.  Grimsley,  Geol.  Sur\'ey  Michigan,  vol.  9,  pt.  2, 1903-1,  and  Am.  Geologist,  vol.  34, 1904,  p.  378;  F.  A. 
Wilder,  Jour.  Geology,  vol.  11,  1903,  p.  723:  A.  T..  Parsons,  Twenty-third  Rcpt.  State  Geologist,  New 
York  State  Mus.,  1903;  and  G.  I.  Adams  and  others,  on  gj^psum  deposits  of  the  United  Btatei,  BoU.  U.  & 
Geol.  Survey  No.  223,  1904.  A  recent  report  on  the  gypsum  of  New  York  Is  by  D.  H.  Ncrrianil  and  H. 
I^hton,  Bun.  New  York  State  Mus.  No.  143, 1910.  On  the  genetic  relations  of  gypsom 
see  R.  €.  Wallace,  Geol.  Mag.,  1914,  p.  276. 
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BITTERNS. 

In  what  has  been  said  so  far,  we  have  considered  almost  exclusively 
theconceniratioii  of  sea  water;  but  other  waters  form  other  deposits 
and  jidd  different  bitterns.  Analyses  of  bitterns  are  not  often 
nported,  and  only  a  few  examples  can  be  given  here  J  These  analjrses 
ve  recalculated  to  ionic  form,  and  give  the  percentage  composition 
of  the  anhydrous  saline  matter. 

Analyses  of  bitterns. 

,     i.  Bittern  from  l>esli«  Salt  RefinlDg  Works,  San  Mateo,  California.   Analysis  by  R.  F.  Gardner.   From 
■intv. 
B.  Blttn  of  maximum  coDcentration,  from  the  brines  of  Syracuse,  Nowr  York.  Analysis  by  C.  A.  Qoess- 
■utn.AsL  Joor.  Sci.,  2d  ser.,  vol.  44, 1867,  p.  80. 

C  Bittn  (ram  Ponkeroy ,  Ohio.    Analy^  by  A.  R.  Merz  and  R.  F.  Gardner. 
D.  Bittira  from  Hartford,  West  Virginia.   Merz  and  Gardner,  analysts. 

I.  Blttmfrom  Saginow,  Michigan.  Gardner  analyst.  Analyses  A ,  C ,  D ,  £  recalculated  to  percentages 
ha  the  Ogores  given  hy  J.  W.  Torrentine  in  U.  8.  Dept.  Agric.,  Bur.  Soils  Bull.  Na  04, 1913.  Selected 
iNKi  ssmber  of  analyses  reported  on  pp.  61-G6. 

T.  Bittern  from  the  saline  of  Medellin,  Antioqula,  Colombia.  Analysis  by  J.  B.  Boussingault,  Annales 
Ckii.ph7S.,  5th  aer.,  voL  2, 1874,  p.  102.    Known  locally  as  ''oil  of  salt." 

d  Mttn  from  salt  works  of  AUendorkin-Werra,  Germany.  Analysis  by  Reichxkrdt ,  abstract  in  Jour. 
CNblSoc,  vol.  42, 1SS2,  p.  2i. 
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33.  478 
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Although  these  bitterns  vary  widely  in  composition,  in  consequenco 
of  the  differences  between  the  original  brines,  they  are  nearly  all  note- 
worthy ts  shoiring  the  concentration  in  them  of  bromine.  The  Mich- 
igaa brines  are  important  commercial  sources  of  bromine,  and  so,  too, 
•wflioee  of  tlie  Kanawha  Valley  in  West  Virginia.  A.  L.  Baker ^ 
^rts  that  20  to  30  gallons  of  Kanawha  bittern  will  yield  1  poimd 
rf  bromine,  and  he  has  also  shown  that  they  contain  iodine  in  very 
appreciable  amoimts,  from  38.4  to  59.2  milligrams  per  liter.  The 
ndmess  of  the  Dead  Sea  in  bromine  has  already  been  pointed  out. 
Bitterns  of  this  class  deserve  a  more  careful  study  than  they  seem 
tohavo  yet  received. 

'Inaddition  to  Usiglio's  analyses  dted  on  p.  214,  ante.         >  Chem.  News,  vol.  44,  p.  207, 1881. 
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SODIUM   SUIiPHATB. 

In  the  evaporation  of  ocean  water  the  sulphates  which  form  are 
first  the  calcium  compound  and  then  the  magnesium  salti  or  else 
double  sulphates  of  magnesium,  with  either  calcium  or  sodium. 
Anhydrite,  then  polyhalite,  and  then  kieserite,  follow  one  another  in 
regular  succession.  In  many  saline  lakes,  however,  calcium  and  mag- 
nesium are  deficient  in  quantity,  while  sodium  sulphate  is  present  in 
relatively  large  amounts.  In  such  lakes  sodium  sulphate  is  deposited 
in  considerable  quantities,  generally  preceding  the  deposition  of  salt, 
and  its  precipitation  is  determined  or  affected  by  the  season  of  the 
year.  Sodium  sulphate  is  much  more  soluble  in  warm  than  in  cold 
water,  but  the  similar  variation  for  salt  is  comparatively  small;  so 
that  the  mere  change  of  temperature  between  summer  and  winter 
may  cause  mirabiUte  to  separate  out,  or  to  redissolve  again.  An 
instance  of  this  kind,  in  the  Karaboghaz,  has  already  been  noticed, 
and  the  Great  Salt  Lake  ^  not  only  deposits  sodium  sulphate  during 
winter,  but  even  casts  it  up  in  heaps  upon  shore.  The  salt  thus 
formed  is  the  decahydrate,  mirabilite,  Na2.SO4.10H3O;  while  from 
warm  solutions,  especially  from  concentrated  brines,  the  anhydrous 
sulphate  thenardite  may  be  deposited.  In  warm  and  dry  air  mira- 
biUte effloresces,  loses  its  water,  and  is  transformed  into  thenardite, 
which  is  a  well-known  and  common  mineral.  On  the  surface  of 
Lacu  Sarat,  in  Rumania,'  large  crystals  of  mirabilite  form  during 
winter,  to  redissolve,  at  least  in  part,  when  the  weather  becomes 
warm,  and  many  other  sulphate  or  sulphato-chloride  lakes  exhibit 
similar  phenomena.  The  Siberian  lakes,  studied  by  F.  Ludwig,' 
deposit  mainly  sulphates;  sodium  sulphate  in  Lakes  Altai,  Beisk, 
Domoshakovo,  and  Kisil-Kul,  while  in  the  Schunett  Lake  a  quantity 
of  magnesium  sulphate  is  also  formed.  Ludwig  gives  analyses  of 
these  precipitates,  but  the  three  in  the  subjoined  table  are  enough 
to  cite  here.  The  analyses  are  carried  by  Ludwig  to  four  decimal 
places,  but  I  have  roimded  them  off  to  two.  He  also  gives  the  Na 
and  CI  of  the  sodium  chloride  separately,  and  the  insoluble  residue 
he  divides  into  organic  and  inorganic.  The  consoUdation  of  the  data 
as  tabulated  below  is  for  the  sake  of  simplicity.  Their  subdivision 
does  not  help  to  illustrate  the  phenomena  now  under  discussion. 

»  G.  K.  Gilbert,  Mon.  U.  8.  Geol.  Survey,  vol.  1, 1890,  p.  253. 

*  L.  Mrazcc  and  W.  Teisscyro,  Apcrgu  g^Iogiquo  sur  les  formations  sallies  ct  Ice  giaements  de  sd  en 
Roumanie,  1902.    This  memoir  contains  a  bibliography  relative  to  Rumanian  salt. 
>  Zcitschr.  prakt.  Geologic,  vol.  11, 1903,  p.  401.    Cf.  ante,  p.  167. 
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Analyses  of  saline  deposits  in  two  Siberian  lakes. 


A.  Depoait  on  bottom  of  Lake  Altai. 

B.  Deposit  on  shore  of  Lake  Altai. 

C  Deposit  on  shore  of  Schunett  Lake. 
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41.64 


A^Os 

FejOa 

SiOa. 

InBoluble  residue. 


.29 
.22 
.11 


11 


3.46 


99.95 


0.03 
55.67 
43.21 


.13 
.01 


} 


.01 
'91 


99.97 


0.63 

54.45 

25.96 

1.93 

.92 

.07 

10.22 

.07 

.01 

.07 

5.70 


100.03 


These  lakes,  Altai  and  Schunett,  are  sulphate-chloride  waters,  but 
the  first  eflfect  of  their  concentration  is  to  bring  about  a  partial  separa- 
tion of  their  salts.  The  same  effect  is  perhaps  even  bettor  exem- 
plified by  Sevier  Lake,  in  Utah,  which  is  at  times  entirely  dry,  form- 
ing a  thin  saline  layer  that  in  moister  seasons  partly  redissolves.* 
The  deposits  from  this  lake  have  been  analyzed,  those  from  the 
margin  by  O.  D.  Allen,  those  from  the  center  by  S.  A.  Lattimore,  and 
their  average  composition,  as  cited  by  Gilbert,  is  given  below: 

Average  composition  0/ deposits  from  Sevier  Lahe^  Utah. 


NajSO^. 
NajCOa 
NaCl... 


GaSO^.... 
MgSO,.... 

H2O 

Insoluble. 


Margin. 


14.3 


75.8 


5.5 
.7 

3.6 
.1 


100.0 


Center. 


84.6 

.4 

7.0 

Trace. 

Trace. 


8.0 
Trace. 


100.0 


Here  the  sodium  sulphate  tends  to  accumulate  at  the  center  of  the 
lake,  whereas  the  later  deposits,  which  are  covered  by  a  crust  of 
sodium  chloride,  are  formed  in  larger  relative  proportion  around 
the  margin. 


1  O.  K.  Gilbert,  Mon.  U.  8.  Geol.  Survey,  vol.  1, 1890,  pp.  224-227.    See  p.  154,  ante,  for  the  composition 
of  the  brine. 
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Fractional  crystallization,  however,  is  only  a  part  of  the  process 
by  which  the  saline  constituents  of  a  water  may  be  separated.  Salt 
and  alkaline  lakes  are  pectdiarly  characteristic  of  desert  regions, 
and  the  smaller  depressions  may  be  alternately  dry  and  filled  with 
water.  Suppose,  now,  following  a  suggestion  of  J.  Walther,*  that 
such  a  lake,  concentrated  to  a  bed  of  salt  covered  by  a  thin  sheet  of 
bittern,  is  overwhelmed  by  desert  sands,  so  that  a  permanent  saline 
deposit,  protected  from  further  change,  is  formed.  Tlie  bittern  will 
be  absorbed  by  the  sandy  covering,  its  salts  will  rise  by  capillary 
attraction  to  the  surface,  and  the  efflorescence  thus  produced  will  be 
scattered  in  dust  by  the  winds.  On  the  steppes  of  the  lower  Volga, 
according  to  Walther,  there  are  nxmierous  remainders  of  salt  lakes, 
which  have  been  thus  covered,  and  where,  beneath  the  sand,  solid 
salt  of  great  purity  is  found.  The  mother  liquors  have  vanished, 
and  their  saline  constituents  have  been  scattered  far  and  wide. 

misceijIiAneous  desert  salts. 

Wherever  deserts  exist,  there  these  saline  residues  are  common. 
They  are  pccidiarly  abundant  in  the  western  part  of  the  United 
States,  especially  in  the  Bonneville  and  Lahontan  basins  and  over 
the  so-called  alkali  plains,  and  they  exliibit  a  great  variety  of  com- 
position. Chlorides,  sulphates,  carbonates,  and  borates  occur,  sepa- 
rately or  together,  and  many  analyst  of  these  products  have  been 
recorded.  To  the  sidphato-cliloride  class  the  subjoined  analyses  be- 
long, the  other  saline  deposits  being  loft  for  separate  consideration 
later.^ 

Atmhjses  of  saline  dcj)ostts  from  sidjihato-chloridc  v:aters. 

A.  Salt,  Osobb  Valley,  Nevada.  Analysis  by  R.  W.  Woodward,  Kept.  U.  8.  Cool.  Expl.  40th  P*r., 
vol.  2,  1877,  p.  707. 

B.  Saline  efflorescence  on  desert,  south  of  Hot  Springs  station,  Nevada.  Analysis  by  O.  D,  Allen,  Idem, 
p.  773.  . 

C.  Incnistation  from  Quinns  River  crossing.  Black  Rock  Desert,  Nevada.  Analysis  by  O.  D.  AUen, 
idem,  p.  791. 

D.  Salt  from  Salt  Lake,  7  miles  east  of  the  Zandla  Moantams,  New  Mexico.  Analysis  by  O.  Ltww,  RefiC. 
U.  S.  Gcol.  Surveys  W.  100th  Mcr.,  vol.  3, 1875»  p.  C27. 

E.  Eflloresoenco  from  alkali  flat,  near  Bnilalo  Spring,  Ke\*ada.    Analysis  by  O.  D.  Allen,  op.  cit.,  r*  TU* 

F.  Efflorescence  from  Santa  Catallna,  Arizcma.    Analysis  by  O.  Loew,  op.  dt,  p.  628. 

0.  Saltfrom  shore  of  lake  near  Percy,  Nevada.  Analysis  by  R.  "\^ .  Woodward,  Rept.  \'.  B.  GeoL  ExiiL 
40th  Par.,  VOL  2, 1S77,  p.  148. 

H.  Efflorescence  on  looss,  n?ar  Cordoba,  Argentina.  Analysis  by  Doering,  cited  by  A.  W.  Stelzxwr, 
Beitriige  zur  Geologic  und  Palaeomtologio  dcr  Argcntiniscbcn  Rcpublik,  18.S5.  A  number  of  salts,  etc.,  are 
described  on  pages  295-309.    This  one  is  remarkably  rich  in  potassium. 

1  Das  G  esetz  dcr  Wiistenbildung,  Berlin,  1900,  p.  149.  Chapter  13  is  devoted  to  the  subject  of  desert  salts. 
See  also  T.  H.  Holland  (Proc.  Liverpool  Geo!.  Boe.,  vol.  11,  p.  227, 1912)  oq  the  origin  of  desert  salts. 

>  A  number  of  analyses  of  similar  products  from  Argentina  are  given  by  F.  SchickendantSy  Rc\ista  del 
Musco  do  la  Plata,  vol.  7, 1895,  p.  1.  See  also  O.  J.  Young,  Bull.  U.  8.  Dept.  Agric.  No,  61, 1914,  on  tlia 
salines  of  the  Great  Basin,  and  several  papers  by  II.  8.  Oaleln  Bull.  U.  8.  QooL  Survey  Neii  M^-M,  IMlL 
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A 

B 

r 

D 

E 

F 

O 

II 

NaCl 

96.49 

1.91 

.  96 

95.67 

85.27 
1.75 
2.59 

82.57 
6.89 

70.81 
26.38 

5.93 
94.04 

0.74 
46.27 

10  81 

Ni^, 

53. 14 

"H~J'4"  •••••"••-"••• 

k3o  ' 

1.94 

1 

1 

32  34 

K^r*.  _  [         .. ... 

5.88 

i&o' 

48.28 
4.45 

Qiso!,.'. 

1.63 

.73 

1.97 

'*8.57' 
1.82 

Trace. 
4.66 

3.  71 

LO 

.52 
.12 

loBoluble  residue 

:                    1 





99.13 

100.00 

100.00 

100.00 

100.00 

90.  {)7 

90.  74 

100.00 

These  analyses,  taken  in  connection  with  those  of  salt  given  on  page 
225,  show  the  same  order  of  variation  as  is  found  in  the  parent  waters 
themsdves.  Chlorides  form  one  end  of  the  series,  sulphates  the 
other;  and  every  gradation  may  exist  between  the  two.  Even  dif- 
ferent parts  of  the  sojne  deposit  may  show  evidence  of  such  a  grada- 
tion, as  in  Sevier  Lake,  where  separation  of  the  salts  had  gone  on  to 
igreater  or  less  extent;  but  partial  re-solution  in  time  of  high  water 
em  reverse  the  process  and  bring  about  a  new  distribution  of  the 
soluble  substances. 

ALKALINE  CARBONATES. 

From  alkaline  lakes  alkaline  carbonates  are  deposited,  mingled  with 
dJoridcB  and  sulphates  in  varying  proportions.  In  Himgary,  Egypt, 
Armenia,  and  Venezuela  such  deposits  are  foxmd,  and  they  are  pecii- 
lUrly  common  in  the  Lahontan  basin  of  Nevada,  and  in  southern 
California.  In  Nevada  they  often  form '  ^  playas, "  or '  ^  play  a  lakes  ^ '  * — 
Ws  which  are  dry  in  summer  and  flooded  to  the  depth  of  a  few  inches 
Affing  tiie  wet  season.  A  nimxber  of  these  alkaline  incrustations 
were  analyzed  by  the  chemists  of  the  Fortieth  Parallel  Survey,  with 
the  results  shown  in  analyses  A  to  F  of  the  subjoined  table.*  With 
tiiese  may  be  included  two  analyses  of  the  soluble  parts  of  incrusta- 
tions, made  by  T.  M.  Ohatard  in  the  laboratory  of  tlie  United  States 
Geological  Survey. 

*8«I.  a  Roasen,  Mon.  U.  8.  Ccol.  Survey,  vol.  11, 1S85,  p.  81. 

'^uilyMitfe  hero  cited  as  r«calcuJatocl  by  T.  M.  Chatord,  lUiIl.  U.  ^S.  Gcol.  T^urvcy  No.  CO,  1390, 
W-^55.  The  origiiial statements  do  not  adequately  discriminate  bctv/ecn  carhonatos  and  l)icarlx)natcs. 
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Analyses  of  incriisiations  deposited  by  alkaline  lakes. 

A.  From  western  arm  of  Black  Rock  Desert,  near  the  so-called  "  Ilardin  City,"  Nevada.    Analysis  by 
O.  D.  Allen,  vol.  2, 1877,  p.  792. 

B.  From  Ruby  Valley,  Nevada.    Analysis  by  R.  "W.  Woodward,  vol.  1, 1878,  p.  503. 

C.  From  valley  of  Deep  Creek,  Utah.    Analysis  by  Woodward,  vol.  2,  p.  474. 

D.  From  Antelope  Valley,  Nevada.    Analysis  by  Woodward,  vol.  2,  p.  Ml. 

E.  From  a  point  near  Peko station,  on  Humboldt  River,  Nevada.    A  nalysis  by  Woodward,  vol.  2,  p.  504. 

F.  From  Brown's  station,  Humboldt  Lake,  Nevada.    Analysis  by  Woodward,  vol.  2,  p,  744. 

O.  From  surface  of  playa,  north  arm  of  Old  Walker  Lake,  Nevada.    Soluble  portion,  29.78  per  cent. 
H.  Five  miles  west  of  Black  Rock,  Nevada.    Soluble  portion,  23.10  per  cent. 


A 

B 

c 

D 

E 

F 

G 

H 

NsuOO 

52.10 

58.69 
8.09 

28.32 
2.11 

25.12 
14.76 
17.43 
38.01 

25.95 
14.  35 
33.31 
24.51 

48.99 

36.01 

4.42 

7.24 

3.34 

7.02 
11.13 
4.0.  67 
20.88 
11.30 

72.69 

9.06 

NaHCO, 

NajSO. 

27.55 
18.47 

17.49 
2.53 
4.15 

27.05 

NaCl 

59.32 

NaaB407 

1.00 

K2SO4 

2.79 

4.68 

1.88 

KCl 

1.18 
1.96 

1.39 

SiOg 

• 

2.18 

98.12 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

The  following  table,  contains  analyses,  reported  by  E.  W.  Hilgard,^ 
of  the  soluble  part  of  ''alkali^'  incrustations  from  California.  They 
exhibit  remarkable  peculiarities  of  composition,  especially  in  their 
contents  of  potassium  salts,  nitrates,  and  phosphates. 

Analyses  o/'^alhaW*  incrustations  from  California. 


A.  From  Visalla,  Tulare  County. 

B.  From  Westminster,  Orange  County. 


C.  From  the  experiment  station,  Tulare  County. 

D.  From  the  Merced  bottoms,  Meroed  Coonty. 


NaoCOg.... 

NaCl 

NaNO,... 
NaH^PO^. 

KaCOg 

K2SO, 

MeSO, 

(Nn,),C03. 


65.72 


3.98 
8.42 


20.23 
1.65 


100.00 


15 


62.22 


10.57 


6.59 
20.62 


100.00 


32.58 
25.28 
14.75 
19.78 
2.25 


3.95 
i.*4i 


100.00 


D 


75.95 
4.67 
1.46 

12.98 
4.94 


loaoo 


Similar  deposits  are  formed  by  the  two  soda  lakes  at  Ragtown, 
Nevada,  and  these  have  been  worked  for  commercial  purposes.  Two 
samples  were  collected  by  Arnold  Hague  in  1868,  before  working 
began;  a  third,  representing  the  marketable  product,  was  examined 

» Appendix,  Rcpl.  Univ.  California  Exper.  Sta.,  18S0.    Other  analyses  are  riven  in  this  report. 
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by  T.  M.  Chatard.*     The  analyses  are  as  follows,  in  the  form  adopted 
by  Chatard:  • 

Analyses  of  deposits  from  Soda  Lakes ^  Ragtowrij  Nevada » 

A.  Big  Soda  Lake.    Analysis  by  O.  D.  Allen,  Kept.  U.  S.  Geol.  Expl.  40th  Par.,  vol.  2,  1S77,  p.  748. 

B.  Utile  Soda  Lake.    Analysis  by  Allen,  op.  cit.,  p.  759. 

C.  Little  Soda  Lake,  market  soda.    Analysis  by  Cbatard. 


5fc 


SiO^ 

lomuble. 
Bfi 


45. 05 

34.66 

L29 

L61 


.80 
16.19 


99.60 


B 


44.25 

34.90 

.99 

1.10 


2.81 
15.95 


100.00 


c 


52.20 

25.05 

5.10 

a  31 

.27 


14.16 


100.09 


1 


I 


\ 


These  soda  lakes  also  deposit  crystals  of  gaylussite,  of  the  formula 
CaCOj.NajCOa.SHaO,^  although  the  analysis  of  the  water  ^  reveals 
no  calcium.  Probably  the  minute  quantities  of  calcium  that  enter 
the  waters  from  springs  or  otherwise  are  immediately  removed  in 
this  form. 

It  will  be  observed,  on  examining  the  foregoing  analyses,  that  they 
represent  variable  mixtures  of  several  salts.  The  latter,  of  course, 
have  been  calculated  from  the  analytical  data,  and  the  radicles  might 
have  been  combined  somewhat  differently,  but  without  any  essential 
diange  in  the  general  results.  Several  of  the  analyses  are  reckoned 
ttpott  the  basis  of  anhydrous  material,  and  are  so  far  incorrect,  but 
they  show  with  a  fair  degree  of  accuracy  the  relative  proportions  of 
the  several  compounds  which  were  present.  The  carbonates  were 
probably  three  in  number — thermona trite,  NaaCOg.HaO;  natron, 
Na,00,.10HaO;  and  trona,  or  urao,  Na2COs.NaHCO3.2H2O.  Some- 
tunes  one  and  sometimes  another  of  these  salts  is  in  excess,  but  the 
third  is  the  most  important,  as  the  elaborate  researches  of  Chatard  * 
We  shown.  That  this  is  the  first  salt  to  be  deposited  from  waters 
^  this  class  his  experiments  upon  Owens  Lake  water  clearly  prove. 

At  Owens  Lake,  Inyo  County,  California,  the  manufacture  of 
Bodimn  carbonate  has  been  carried  out  upon  a  commercial  scale.  In 
«der  to  determine  the  most  favorable  conditions  for  the  process, 
Quitard  subjected  a  quantity  of  the  water  to  fractional  crystalliza- 
tion and  analyzed  the  salts  which  were  successively  deposited.    Two 

'  ''Boa. u.  8.  Oeol.  Snrvey  No.  CO,  1890,  p.  62.   Chatard  dtes  a  number  of  analyses  of  foreign  urao  or 
'^Jj-  FortnalyaeB  of  Egyptian  urao  see  O.  Popp,  Liebig's  Annalen,  vol.  155, 1870,  p.  348. 
^••tialysbby  O.  D.  Allen,  Kept.  U.  S.  Geol.  Expl.  iOtb  Par.,  vol.  2, 1877,  p.  749. 
'  ^p.  157,  ante,  for  analysis  of  the  water. 

•OHM  mpposes  that  the  biborate  could  not  exist  in  so  strongly  alkaUne  a  solution  as  the  mother 
"Vvfrfni  whldk  tMs  crop  was  obtained. 
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coQcordaut  series  of  experiments  were  made,  together  with  a  less 
complete  but  corroborative  set,  on  water  from  Mono  Lake.  The 
results  of  the  first  group  were  as  follows: 

Ariafi/scs  of  salts  drjiosifed  by  fractional  crystallization  from  water  of  Owens  Lake^ 

California. 

A.  Tho  natural  water  of  Owens  Lake.  Specific  gravity  1.062  at  25*.  Salinity  77.098  grams  per  liter. 
This  aaalysij;,  which  represents  the  oomposition  of  Uie  anhydrous  rosidiie,  was  died  on  page  IS8  with  all 
carbonates  as  normal;  it  \»  hero  restated  In  conventional  form. 

B.  First  crop  of  crystals.  Water  concentrated  to  one-fifth  it:J  original  volume.  Specific  gravity  of 
motlicr  liquor  1.312  at  27.9'. 

C.  Second  crop  of  crystal^:.    Specific  gra\ity  of  mother  liquor  1.312  at  2a'. 

D.  Third  crop  of  crystals.    Specific  gravity  of  mother  liquor  1.315  at  26.23*. 
£.  Fourth  crop  of  crystals.    Specific  gra\ity  of  mother  liquor  1.327  at  35.75*. 

F.  Fifth  crop  of  crystab.  Specific  gravity  of  mother  liquor  1.300  at  13.9*.  This  crop  was  obtained  bj 
chilling  tlie  solution,  in  order  to  determine  the  effect  of  cold. 


H3O. 
Na,CO, 


NaHCO,. 
NajSO^.. 
NaOL... 


9i 


Nj 
N( 
KCl 

(C^fg)C03 

( AlFc)203 

SiOa 

Organic  matter. 

Insoluble 


34.95 

7.40 

14.38 

38.16 

.63 


n 


14.51 

43.75 

30.12 

a  18 

7.44 


4.07 
.08 
.05 
.28 


100.00 


L07 

.14 

.01 

.055 

.032 

.078 


100.385 


4.33 

22.84 

ia53 

25.44 
35.06 


1.12 
.09 


99.41 


D 


3.43 
18.19 

4.06 
26.70 
45.69 


1.14 
.06 


99.17 


2.24 
12.51 

a.  88 

19.01 
60.99 


1.21 


.01 
.(J5 


99.90 


1L03 

55.04 

4.09 

6.70 

19.16 


6  2.01 
2.93 


.02 

.16 


ioai4 


h  Natoral  soda;  its  occurrence  and  utilization:  DolL  V.  S.  Oool.  Swrey  No.  80, 1!^,  pp.  37-lOL  Of.  E* 
Le  Keve  Foster,  Proc.  Colorado  Set  Soc^  vol.  8, 1§00,  p.  345,  for  data  oonoeming  Owens  Lake.  Sea  alw 
G.  Lunge,  Zeitacfar.  angew.  Chemie,  1803.  p.  3.  On  natural  soda  in  Egypt  see  A.  I..acas,  Survey  Dept 
leaner  ( Egypt)  No.  22, 1912.  A  mixture  of  sodtnm  carbonate  and  chloride,  named  teqoecqidtei.  Is  abandaak 
in  Uio  region  around  Lake  Tezooco,  Mexico.  See  T.  Fiorcs,  Anales  Inst.  Qcol.  Mexico,  1918,  No.  5.  Maaj 
analyses  of  the  salts  and  related  waters  are  given. 

From  these  analyses  we  see  that  tho  first  crop  of  crystals  consists 
largely  of  trona,  Na30O,.NaHCO,.2H2O,  with  a  small  excess  of  tiie 
normal  carbonate,  some  chloride,  and  some  sulphate.  In  C,  D,  and  E 
the  carbonates  diminish,  but  the  normal  salt  is  even  more  lai^ely  in 
excess,  while  the  chlorides  increase  rapidly.  The  final,  chilled  solu- 
tion deposits  chiefly  sodium  carbonate,  with  some  cliloride  and  less 
sulphate.  The  order  of  deposition  is  trona,  sodium  sulphate,  sodium 
chloride,  and  finally,  if  we  ignore  the  minor  constituents  of  the  water, 
the  very  soluble  normal  carbonate.  Of  the  trona  itself  Chatard  made 
several  analyses,  and  he  also  prepared  a  series  of  artificial  products^ 
which  estabUshed  the  true  formula  of  the  compound.*  The  best 
specimen  of  trona  from  Owens  Lake  had  the  composition  giv«i  inr 


1 CL  also  C.  Winkler,  Zeitschr.  angew.  Chemie,  1893,  p.  446;  and  B.  Reinitzer,  idem,  p.  573. 
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first  ccdumn  below,  which  is  compared  with  the  composition  as 
calcuUted  tiieorettcally. 

Componlion  o/tronafrom  Owens  Lake,  California. 


MOO,. 

NiH 

»;. 

Uable 


100.07 


Found. 

Calcnifttftd. 

45.86 

36.46 

.32 

46.90 
37.17 

1.25 

16.16 
.02 

15.93 

100.00 


The  prevalent  view  concerning  the  origin  of  the  Lahontan  alkalies 
wasstated  in  Chapter  V  (p.  157).  The  waters  of  the  Bonneville  basin, 
or  of  Great  Salt  Lake,  origmate  in  an  area  of  sedimentary  rocks  and 
contain  chiefly  substances  which  were  formed  during  earlier  concen- 
trations. In  one  sense,  then,  we  may  call  the  residues  of  that  region 
secondary  depositions.  The  Lahontan  area,  on  the  other  hand,  is 
rich  in  volcanic  materials,  from  which,  by  percolating  waters  charged 
with  atmospheric  or  volcanic  carbon  dioxide,  the  soluble  substances 
were  withdrawn.  These  substances  have  accumulated  in  the  waters 
of  the  basin,  except  for  the  calcium  carbonate,  which  is  now  seen  in 
the  enormous  masses  of  tufa  so  characteristic  of  the  region.  To  Mono 
md  Owens  lakes,  lying  just  outside  of  the  Lahontan  basin,  the  same 
observations  apply.  Alkaline  carbonates,  together  with  sulphates 
ttd  chlorides,  have  been  formed  by  solution  from  eruptive  rocks,  and 
concentrated  in  these  waters  and  their  residues.  The  seepage  waters 
fiom  fresh  springs  near  Owens  Lake  percolate  through  beds  of  volcanic 
vh,  and  contain  even  a  higher  proportion  of  alkaline  carbonates  than 
^  lake  itself.*  The  rocks  from  which  the  salts  were  originally 
faired  seem  to  have  been  mainly  rhyolites,  andesites,  and  other 
^ttieties  rich  in  alkalies  and  relatively  poor  in  lime.  Had  lime  been 
PWBent  in  larger  quantities  more  calcareous  sediments  and  g3'psum 
^<«ild  have  formed,  with  less  of  the  alkaline  carbonates,  or  even 
none  at  all. 

TWs  theory,  however,  which  attributes  the  presence  of  alkaline 
Ctffaon&tes  to  a  direct  derivation  from  volcanic  rocks,  is  not  the  only 
l^ypothesis  possible.  Even  if  it  holds  with  respect  to  the  Lahontan 
waters  it  is  not  necessarily  valid  elsewhere.  In  order  to  accoimt  for 
tl^ejdstence  of  sodium  carbonate  in  natural  waters,  T.  Sterry  Hunt  ^ 
•fWmed  a  double  decomposition  between  sodium  sulphate  and  cal- 
O'Stt  Incarbonate,  gypsum  being  thrown  down.     A  similar  reaction 

>8«aoal]nuby  T.  M.  Chatatd,  Bull.  I'.  8.  Geol.  Survey  No.  CO,  1890,  p.  04.    Chalard  alsa  discusses  til* 
^'^iBofthictfbonateB  and  cites  tho  \  iews  of  earlier  investigators  ooncerning  other  Idealities. 
*  AflL  Jour.  8eL,  2d  ter.,  toI.  28, 1859,  p.  170. 
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is  accepted  by  E.  von  Kvassay  *  in  his  study  of  the  Hungarian  soda, 
only  in  this  case  sodium  chloride  is  taken  as  the  initial  compound. 
The  latter  salt  is  supposed  to  react  upon  calcium  bicarbonate,  yield- 
ing sodium  bicarbonate,  which  effloresces,  while  the  more  soluble 
calcimn  chloride,  simidtaneously  formed,  diffuses  into  the  groxmd. 
E.  W.  Hilgard  ^  has  shown  experimentally  that  both  reactions  are 
possible,  and  that  either  sodium  sulphate  or  sodiimi  chloride  can 
react  with  calcium  bicarbonate,  forming  strongly  alkaline  solutions. 
From  such  solutions  crystals  of  gypsum  can  be  deposited,  while 
sodium  bicarbonate  remains  dissolved.  In  Hilgard's  experiments, 
however,  he  precipitated  and  removed  the  calcium  sidphate  by 
means  of  alcohol,  a  condition  unlike  anything  occurring  in  natiu*e. 
S.  Tanatar,^  therefore,  repeated  the  experiments  without  the  use  of 
alcohol  and  confirmed  Hilgard 's  conclusions.  The  reverse  reaction 
is  hindered  by  the  crystallization  of  the  gypsum  and  the  washing  away 
or  efflorescence  of  the  soluble  carbonate. 

E.  Sickenberger,*  who  examined  the  natron  lakes  of  Egypt,  ob- 
served the  presence  in  them  of  algoe,  and  noticed  the  evolution  of 
hydrogen  sulphide  from  their  waters,  iron  sulphide  being  at  the  same 
time  thrown  down.  He  therefore  ascribes  the  carbonates  to  the 
reduction  of  sulphates  by  organic  matter,  and  subsequent  absorption 
of  ctfrbon  dioxide  from  the  air.  G.  Schweinfurth  and  L.  Lewin,'  on 
the  contrary,  while  admitting  that  such  a  process  can  go  on  to  some 
extent,  regard  it  as  capable  of  accounting  for  only  a  small  part  of  the 
alkaline  carbonates  that  are  formed.  These  lakes  deposit  sodium 
chloride,  sidphide,  and  carbonate;  and  the  authors  attribute  the  last 
salt  to  double  decompositions  with  carbonate  of  lime.  The  percolat- 
ing Nile  water  contains  calciiun  bicarbonate,  and  the  soil  through 
which  it  reaches  the  lakes  is  rich  in  salt  and  gypslmi.  These  two  sub- 
stances first  react  to  form  sodiiun  sulphate  and  calciiun  chloride  and 
the  former  then  exchanges  with  calciiun  bicarbonate,  as  in  Hunt^s  and 
Hilgard's  investigations.  Sodiiun  chloride  is  taken  as  the  starting 
point,  and  from  it  the  sulphate  and  carbonate  are  derived. 

We  have,  then,  three  theories  by  which  to  account  for  the  forma- 
tion of  alkaline  carbonates  in  natm'al  waters  and  soils.^    First,  by 

1  Johrb.  K.-k.  geol.  Keichsanstalt,  1876,  p.  427.  Cf.  also  H.  Le  Cbatelier  on  Algerian  salts,  Compt.  Read., 
vol.  &l,  1877,  p.  396.  Von  Kvassay  gives  a  bibliography  of  the  Uungarian  occurrences  and  Bome analyses 
of  the  soda. 

t  Am.  Jour.  Sci. ,  4th  ser. ,  vol.  2, 1896,  p.  123.  See  also  paper  In  Rept.  Univ.  California  Agr.  Ezp«r.  Sta., 
1890,  p.  87,  followed  by  an  experimental  research  by  M.  £.  Jaffa. 

s  Der.  Deutsch.  chem.  Gesell.,  vol.  29, 1896,  p.  1034.  See  also  a  memoir  by  II.  Vater,  Zeltscfar.  Kryst. 
Mln.,  vol.  30, 1899,  p.  373. 

« Chem.  Zeitung,  1892,  pp.  1645, 1691. 

6  Zeitschr.  Gesell.  Erdkundc,  vol.  33, 1898,  p.  1.  Several  references  to  bacteriologic  researches  are  given 
in  this  memoir.  ' 

<  To  these  theories  may  bo  added  a  fourth,  that  of  C.  Ochscnius  (Zeitschr.  prakt.  Oeologie,  1893,  ^,  M), 
who  supposes  that  the  alkaline  carbonates  have  been  formed  by  the  action  of  carbon  dioxide,  oonimbtily 
of  volcanic  origin,  on  the  "mother-liquor  salts. "  The  evidence  in  favor  of  this  view  is  so  slender  that  a 
discussion  of  it  would  be  hardly  worth  while. 
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I-  from'  Tolcanic  rocks.  Second,  by  reduction  of 
alkalme  sulphates.  Third,  by  double  decomposition  between  cal- 
cium bicarbonate  and  alkaline  sulphate  or  chlorides.  All  three  are 
posdble,  and  all  three  are  doubtless  represented  by  actual  occurrences 
in  nature.  The  presence  of  sodium  carbonates  in  the  waters  of  hot 
springs,  which,  it  may  be  observed,  are  common  in  the  Lahontan 
basin,  we  can  ascribe  to  the  operation  of  the  first  process;  the  second 
mode  of  derivation  is  elBfective  wherever  alkaline  sulphates  and 
organic  matter  are  found  together;  the  third  method  is  perhaps  the, 
most  general  of  all.  To  the  action  between  alkaline  salts  and  cal- 
cium bicarbonate,  Hilgard  attributes  the  common  presence  of  sodium 
carbonate  in  the  soils  of  arid  regions,  a  mode  of  occurrence  which 
is  very  widespread  and  of  the  utmost  importance  to  agriculture. 
The  reclamation  of  arid  lands  by  irrigation  is  profoundly  affected 
by  the  presence  of  these  salts,  which  sometimes  accumulate  to  such 
an  extent  as  to  destroy  fertility.  Excessive  irrigation  may  defeat 
its  own  purpose  and  destroy  the  value  of  land  which  might  be 
reckimed  from  the  desert  by  a  more  moderate  procedure.*  The 
soluble  salts  which  exist  below  the  surface,  being  dissolved,  rise  by 
capillary  attraction  and  form  the  objectionable  crusts  of  "alkali.'' 
A  very  unusual  saline  deposit,  in  certain  lakes  of  Washington  and 
British  Columbia,  has  been  described  by  O.  P.  Jenkins.*  These 
lakes  deposit  magnesium  sulphate,  epsomite,  in  quantities  sufficient 
to  be  commercially  valuable.  Probably  sulphuric  acid,  derived . 
from  the  oxidation  of  iron  sulphides,  has  acted  upon  dolomite  and 

other  magnesian  rocks. 

BORATES. 

Borates  and  nitrates  are  much  less  frequently  deposited  and  in 
much  smaller  amounts  than  the  salts  which  we  have  so  far  been  con- 
sidering. They  are,  however,  important  saline  residues  and  deserve 
a  more  extended  study  than  they  seem  to  have  yet  received.  In 
the  chapter  upon  closed  basins  attention  was  called  to  the  Borax 
Lake  of  northern  Califomia,  and  among  mineral  springs  a  number 
containing  borates  were  noted.  The  latter  were  hot  springs,  situated 
in  volcanic  regions,  as  in  the  Yellowstone  Park — a  mode  of  occur- 
rence which  must  be  borne  in  mind  if  we  are  to  determine  the  origin 
rf  these  substances.  We  must  also  remember  that  borates  exist  in 
8ea  water,  from  which  source  the  deposits  at  Stassfurt  are  supposed 
to  be  derived.     Two  sets  of  facts,  therefore,  have  to  be  considered 

*  The  reports  of  the  Bureau  of  Soils,  TJ.  S.  Dcpt.  Agr.,  and  of  the  agricultural  experiment  stations  of  sov- 
*^  Western  States  contain  abundant  litcraturo  on  this  subject.  The  report  of  the  Division  of  Soils  for 
HQOeootalnsa  paper  by  F.  K.  Cameron  on  the  application  of  the  theory  of  solution  to  the  study  of  soils 
tB«t^  the  generation  of  alkaline  carbonates  by  double  decomposition  is  discussed  on  the  basis  of  modem 
TOfcildiemistry.  In  Bull.  42  of  the  New  Mexico  College  of  Agriculture  there  is  a  summary  of  the  lit- 
*itei  on  alkaU  soils.  A  remarkable  deposit  of  natron  in  San  Luis  Valley,  Colorado,  is  described  l)y 
W.p.Beedden,  Am.  Jour.  Sci.,  4th  scr.,  vol.  27, 1909,  p.  305. 

« An.  Joor.  ScL,  4th  ser.,  vol.  46, 1918,  p.  638. 
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In  dealing  with  this  class  of  c(»mpounds.     Let  us  first  examine  the 
actual  occurrences  of  borates  as  saline  residues.^ 

Borax  Lake,  Lake  County,  Califomia,  has  been  repeatedly  de- 
scribed.^ Its  water  contains  chiefly  sodium  carbonate  and  sodium 
chloride,  with  borax  next  in  importance,  and  it  deposits  the  last- 
named  salt  in  cr^'stalsy  some  of  which  are  several  inches  long.  l^Iore 
borax,  however,  was  furnished  by  a  neighboring  smaller  lake,  Ha- 
chinchama.  The  supply  probably  came,  according  to  Becker,  from 
hot  springs  near  the  lakes,  and  one  spring,  of  which  the  analysis 
has  already  been  given,  contains  not  only  boron,  but  also  a  siu'pris- 
ing  quantity  of  ammonium  compounds.  The  same  association  of 
bonites  with  ammoniacal  salts  is  also  to  be  observed  in  the  waters 
of  the  Yellowstone  Park,  and  espe<;iaUy  in  that  unique  solution 
known  as  * '  the  Devil's  Inkpot. ' '  The  hot  springs  of  the  Chaguarama 
Valley,  in  Venezuela,'  furnish  a  similar  example;  and  here  again,  as  in 
some  of  the  CaUfomia  locaUties  descril>ed  by  Becker,  sulphiu:  and 
cinnabar  are  deposited.  Boric  acid  and  ammonium  chloride  are 
among  the  volcanic  products  of  the  island  of  Vulcano;  *  but  the 
famous  "soffioni''  or/'funmroles''  of  Tuscany  are  of  much  greats 
importance-  Here  jets  of  steam  carrying  boric  acid  emerge  from  the 
ground  and  supply  great  quantities  of  that  substance  for  industrial 
purposes.  The  following  compounds  of  boron  are  deposited  by  the 
lagoons  in  wliich  the  boric-acid  vapors  are  concentrated : 

SasBolite HgT^Oa  (orthoboric  acid  V 

Larderellitc (SR;)2B/)ij^.iJLiO, 

Bochilito CsiBfijAUfi  (borocalcito). 

Lagonite Fe''^B50i2.3H20. 

One  of  those  salts  is  an  ammonium  borate  and  another  ammonium 
compoimd — ^boussingaultite,  (NHJjMgCSOJj.eHaO— is  also  formed 
at  this  locality.  According  to  C.  Schmidt^  the  condensiblo  vapors 
from  the  fumarolcs  of  Monte  Cerboli  contain  borio  acid  and  am-*^ 
monia  in  considerable  amounts,  with  much  less  hydrogen  sulphide. 
Water  issues  with  the  vapors,  and  in  samples  condensed  from  several 
vents  C.  M.  Kurtz  ®  found  soUd  contents  ranging  from  loss  than  1 
to  more  than  7  grams  per  Uter.  Four  of  the  lagoon  waters  examined 
by  Kurtz  contained  the  following  quantities  of  foreign  matter: 

1  For  general  information  alx>ut  American  IxulUics  see  Minora!  Rrsourres  l'.  R.  for  1882,1'.  S.  QtA, 
Sun-cy,  p.  566;  1883-84,  p.  858;  1889-90,  p.  494;  and  1901,  p.  869. 

«  (ieoL  Survey  California,  Geology,  voL  1,  1865,  p.  97.  G.  ¥,  Becker,  Mon.  U.  P.  GtcL  Sun-ey,  voL  V^ 
1888,  pp.  264-268.  H.  G.  Hanks,  Third  Ann.  Rcpt.  State  Iflncralogist  (CaUfomia).  For  analyses  of  tht 
water  and  of  an  adjacent  hot  spring,  sec  ante,  p.  156.  This  lake,  situated  aliout  80  mSics  north  of  San  Fimn- 
cisco,  must  not  be  confused  with  Bcarlos's  *'  Uorax  Lake  "  in  Ban  Bernardino  County. 

« Sec  E.  Cortcse,  Eng.  and  Min.  Jour.,  vol.  78,  November  10, 1904. 

<  Bee  A.  Bcrgcat,  Zoltschr.  prakt.  Ccologie,  1899,  p.  45.  ,,.i 

fi  Ann.  (hem.  Pharm.,  vol.  9S,  18SG,  p.  273.  In  vol.  102, 1857,  p.  190,  Bchmidt  also  droerlbes fhea»d^ 
ofthorojion. 

•  Dingler's  Polyt.  Jour.,  vol.  212, 1874,  p.  493. 
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Foreign  matter  in  Tuscan  lagoon  waters. 
(Grams  per  lit^*.] 


Cutelniiovo 

LArderello 

XoBte  RotondOy  uppermost  lagoon 
MoDte  Botondo,  Joweet  ligoon 


Total  solids. 


8.565 

6.720 

2.005 

22.575 


Doric  acid 
(H,BO.). 


4.154 

4.032 

1.100 

19.300 


Ammonium 
sulphate. 


1.C95 
,760 
.253 
.587 


The  high  figures  of  the  last  oxamplo  represent  a  eoncentratiou 
from  all  the  upper  waters,  which  are  united  at  the  lowest  level.  In 
fte  dark-brown  sediment  of  the  lagoons  Schmidt  found  gypsum,  am- 
nuHunm  sulphate,  anmionium  thiosulphate,  ammonium  sulphide, 
tmmonium  carbonate,  magnesia,  and  a  little  soda  and  potash  mixed 
with  a  clay  derived  from  dolomite  and  colored  by  iron  sulphide.  He 
ilao  analyzed  the  mother  liquor  left  by  the  lagoon  waters  after  most 
of  their  bono  acid  had  been  deposited.  I  have  reduced  his  analjrsis 
to  percentages  of  total  solids,  and  essentially  to  ionic  form,  except 
that  for  the  excess  of  boric  acid  I  prefer  to  use  the  symbol  HjBOs- 
Schmidt  gives  the  total  solids  as  16.374  grams  per  liter,  reckoning 
the  free  acid  as  B2O3;  as  recalculated  the  sum  becomes  18.548.  The 
revised  figures  are  as  follows: 

Analyses  0/ mother  liquor  from  Tuscan  lagoon  water. 


Grams 
perlit«r. 

a 0.39 

80, 49.37 

BOjin  borates 2.  50 

HJJO, 26.92 

^» 89 

K 1.01 

^'H, ir,.71 


Grams 
per  litw. 

Ca O.IG 

Mg 1.99 

(Al,Fe)203 or, 

MnjOs Trace. 

SiOa Trace. 


100.00 


In  the  light  of  all  the  foregoing  data,  we  may  reasonably  assume 
that  there  is  a  relation  between  boric  acid  and  ammonium,  at  least 
'^lerevcr  hot  springs  carry  appreciable  quantities  of  borates.  The 
Won  and  nitrogen  appear  together,  a  fact  which  has  led  to  the 
kvpotiiesis  that  boron  nitride,  decomposed  by  steam,  has  been  the 
Pwwit  compound.* 

Borwi  nitride,  BN,  is  a  well-known  artificial  substance ;  it  is  very 
stable  and,  with  steam,  gives  the  required  reaction,  but  it  has  not  yet 

*  K, ITariivton,  Chem.  Ga:.,  ISiVl,  p.  419,  with  8p«cial  reference  to  Vulcano ,  I.ipari  Islands.  K.  Saint« 
^^DerineandF.WShler.Aan.aieni.rharm.,voL  105,1858, p.  71.  O.  Popp, Idem, 8th supp.IJd.,  1870, 
P-^  l.B«dd,  Bull.  Soc.  tad.  rata.,  vol.  3,  ltt7-5«,  p.  329.  A.  Lacroi\  (Compt.  Rend.,  vol.  147, 1908, 
Mfil)  hu  fotcnd  Ammonium  chloride  and  boric  acid  in  recent  fumaroles  of  Vesuvius. 
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been  observed  as  a  natural  mineral  species.  Its  invocation,  then,  as 
an  agent  in  the  production  of  borates  is  purely  hypothetical,  however 
probable  it  may  be.  The  same  objection  applies  to  Dumas's  suppo- 
sition that  boron  sulphide,  BaSg,  also  decomposed  by  steam,  was  the 
source  of  the  boric  acid  contained  in  the ' '  soffioni."  *  That  hypothesis 
was  indicated  by  the  presence  of  hydrogen  sulphide  in  the  boron- 
bearing  vapors.  P.  Bolley  *  suggested  that  a  reaction  of  ammonium 
chloride  on  borax,  which  he  proved  to  be  experimentally  possible, 
might  give  rise  to  the  observed  phenomena;  and  E.  Bechi,*  in  a  later 
memoir  than  the  one  previously  cited,  traces  the  borates  to  the  neigh- 
boring ophioUtic  serpentines,  in  which  he  found  at  least  one  inclu- 
sion of  datolitc,  a  borosilicate  of  lime.  The  serpentine,  heated  to 
300"^  in  a  current  of  steam  and  carbonic  acid,  yielded  borio  acid, 
ammonium  compoimds,  and  hydrogen  sulphide — the  very  products 
f oimd  in  the  fumarolcs.  Serpentine,  however,  is  a  secondary  rock,  and 
may  have  derived  its  borates  and  ammonium  salts  from  the  solutions 
which  brought  about  the  transformation  of  the  original  gabbro. 

In  recent  years  E.  Pcrrone  *  and  R.  Nasini  *  have  suggested  that  the 
Tuscan  borio  acid  may  be  derived  from  the  decomposition,  by  water, 
of  tourmaline  contained  in  deep-seated  granites.  Nasini  supports  this 
opinion  by  showing  that  steam  at  high  temperature  extracts  boric 
acid  from  tourmaline.  The  suggestion,  however,  does  not  accoimt 
for  the  ammonium  compoimds  associated  with  the  boric  acid. 

An  entirely  different  mode  of  occiurence  for  borates  is  shown  on 
an  extensive  scale  in  Nevada  and  southern  California  and  at  a  few 
localities  in  Oregon.®  Here  borax,  as  such,  is  found  in  considerable 
quantities;  but  the  calcium  salts  ulexite  and  colemanite  are  by  far  the 
more  important  species. 

'  Soo  paper  by  A.  Paycn  on  the  Tuscan  fumarolcs,  Annalos  chim.  phys.,  3d  ser.,  vol.  1 , 1{^,  p.  247.  He 
adopts  Dumas's  theory, 

a  Ann.  Chem.  Pharm.,  vol.  C8, 1848,  p.  125. 

«  Atti  R.  accad.  Lincei,  3d  ser.,  vol.  2, 1878,  p.  514.  See  also  a  summary  by  II.  Schlfl  In  Ber,  Deut^clu 
chem.  Gesell.,  vol.  1 1 ,  1878,  p.  1690. 

*  Carte  idrographlca  d'ltalia.  No.  31 ,  1904 ,  p.  355. 

»  Abstract  in  Geol. Centralbl.,  vol.  8, 1906,  p.  413;  and  Atti  R.  accad.  Lincei,  5th  ser.,  yoL  17, 1908,  p.  43. 
For  criticisms  of  Perrone  and  Nasini,  see  O.  d'Achiardi,  Atti  Soc.  toscana  sci.  nat.,  Memorio,  vol.  23, 1907, 
p.  8,  and  Rend.  R.  accad.  Lincei,  5th  ser. ,  vol.  17, 1908,  p.  238.  For  a  long  paper  on  the  origin  of  borio  add 
and  the  borates,  see  A.  d'Achiardi,  Atti  Soc.  toscana  sci.  nat.  Pisa,  1878,  vol.  3,  fasc.  2.  Earlier  memoirs 
are  by  II.  Coquand,  Bull.  Soc.  g6ol.  France,  2d  ser.,  vol.  6, 1848-49,  p.  91;  C.  Salnte-Claire  DevUle  and  F, 
Leblanc,  Compt.  Rend.,  vol.  45, 1857,  p.  750;  vol.  47, 1858,  p.  317;  and  F.  Fouqu4  and  H.  Goroeix,  idem, 
vol.  69, 1869,  p.  946.  The  gases  from  the  <'somoni"  have  been  studied  by  R.  Nasini,  F*.  Anderlini.and 
R.  Salvadori  (Atti  R.  accad.  Lincei,  5th  ser.,  Memorie,  vol.  2, 1S95,  p.  388),  as  well  as  by  some  of  the  above- 
named  au  thori  ties.    Carbon  dioxid  e  is  the  principal  gas. 

«  See  n.  0.  Hanks,  Tliird  Ann.  Rept.  State  Mineralogist  California,  1883,  and  Am.  Jour.  Sci.,  3d  ser.,  vol. 
37, 1889,  p.  03;  H.  De  Groot,  Tenth  Ann.  Rept.  California  State  Mining  Bureau,  1890;  O.  E.  Bail«y,  The 
saline  deposits  of  California:  Bull.  No.  24,  California  State  Mining  Bureau,  1902.  For  the  geology  of  the 
borax  deposits  in  Death  Valley  and  the  Mohave  Desert,  see  M.  R.  Campbell,  Bull.  U.  S.  Geol.  Survey  No. 
200, 1902,  and  an  article  in  Eng.  and  Min.  Jour.,  vol.  74, 1902,  p.  517.  An  important  memoir  on  the  booHX 
deposits  of  the  United  States,  by  C.  R.  Keyes,  is  in  the  Bull.  Am.  Inst.  Min.  Eng.,  1909,  p.  867. 
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In  Esmeralda  County,  Nevada,  at  Tcel's  marsh,  Ehodes's  marshy 
Columbus  marsh,  and  Fish  Lake,  ulexite,  NaCaBsOo.SHjO,  is  the 
principal  borate.  It  occurs  in  nodules,  known  locally  as  "cotton 
balls,''  which  have  a  fibrous  structure  and  seem  to  be  in  process  of 
fomuition,  the  smaller  masses  gradually  becoming  lai^er.^  At 
Shodes's  marsh,  according  to  Joseph  Le  Conte,'  the  centreJ  part  of 
tliearea  is  occupied  by  a  bed  of  common  salt,  around  which  there  are 
deposits  of  sodium  sulphate.  Beyond  the  sulphate  beds  the  borax 
and  ulexite  are  found.  These  "marshes,''  which  are  really  playa 
lakes,  are  of  secondary  origin;  and  M.  R.  Campbell,  speaking  of  the 
amilar  formations  in  California,^  attributes  tlieir  borates  to  leachings 
bm  beds  of  Tertiary  sediments. 

The  borates  of  southern  California  are  widely  scattered  over  a  large 
area,  which  is  practically  a  continuation  of  the  Nevada  field.  They 
are  found  especially  in  Inyo  and  San  Bernardino  coimties,  in  Death 
Valley,  along  the  basin  of  the  Amargosa  River,  and  elsewhere.  The 
locality  known  as  Searles's  marsh,  or  Searles's  borax  lake,  has  been 
irorked  since  1873;  and  as  it  has  yielded  a  number  of  new  mineral 
species,  it  deserves  special  consideration  here.  In  chemical  interest 
it  rivals  Stassfurt,  although  its  systematic  study  is  hardly  more  than 
begun.    Borings  at  this  point,  according  to  Db  Groot,*  have  revealed 

the  following  succession  of  deposits: 

Section  at  Searlcs'a  marshy  San  Bernardino  County^  California, 

Feet. 

1.  Salt  and  thonardite 2 

2.  Clay  and  volcanic  sand,  with  some  hanksite 4 

3.  Volcanic  sand  and  black  clay,  with  bunches  of  trona 8 

4.  Volcanic  sand,  containing  glauberite,  thenardito,  and  a  few 

crystals  of  hanksite 8 

5.  Solid  trona,  overlain  by  a  thin  layer  of  very  hard  material 28 

0.  Mud,  smelling  of  hydrogen  sulphide  and  containing  layers  of 

glauberite,  soda,  and  hanksite 20 

7.  Clay,  mixed  with  volcanic  sand  and  permeated  \iith  hydrogen 

sulphide 230-h 

The  borax  of  Searles's  marsh  is  found  chiefly  in  the  top  crust,  or 
^^JBtallized  in  the  water  which  sometimes  accumulates  in  the  depres- 
^^^  of  the  bed.  This  layer  is  reproduced  by  slow  degrees,  through 
cipillary  action,  which  brings  up  the  soluble  salts  from  below,  so  that 

'  ^  state  Mineralogist  Nevada,  1871-72,  p.  35. 

'^  Aim.  Rept.  State  Ulneralogist  Califomia,  1883,  p.  51. 

*Ban.t\  8.  Geol.  Survey  No.  213, 1903,  p.  401.    See  also  J.  E.  Spurr,  Bull.  V.  S.  Cool.  Sunev  No.  208, 
19IQ, 

^«th  Ann.  Rept.  CalifornJa  State  Mining  Bureau,  1890,  p.  53.'>.    The  brine  of  Scarles'3  marsh  is  now 
^*xplaited  as  a  souroe  of  potassium  compounds. 

113750*— 10— BulL  695 16 
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the  same  area  cau  bo  repeatedly  worked  over.    In  the  workings  the 
following  mmeral  species  haye  been  found  :^ 

Anhydrite GaS04. 

Gypenm CaS04.2H/). 

Celestite SrSO*. 

Thenarditc Na^04. 

MirabiUte Na^O^.lOHjO. 

Glauberite Na2Ca(S04)j. 

Sulphohalite  » Na«(S04)jClF. 

Hanksite NaajKCSO^WCO^Cl. 

Borax NajBA-lOHaO. 

Colemanitc Ca2BeOii.5H20. 

Calcitc CaCOj. 

Dolomite MgCa(CX)^3. 

Natron NaCOa-lOHjO. 

Trona : NaJ^CCO,),.  2H2O . 

GaylusBito  » NaaCa(CX)j)2.5HaO. 

Pirssonitc  =* Na2Ca(C03)a.2HaO. 

Northupito  ^ Na3M:g(CO,)2Cl. 

Tychite* Na^g2(C03),SO,. 

Hali  te NaCl . 

Soda  niter NaNOj. 

Searlesite  * NajO.Ba03.4SiOa^H,0. 

Sulphur,  from  reduction  of  sulphates.^ 


»» 


In  the  water  from  15  feet  below  the  crust,  or  "crystal  layer, 
ammonium  salts  are  reported  to  occur — a  fact  which  becomes  pecul- 
iarly significant  when  it  is  considered  in  connection  with  the  presence 
of  soda  niter  also.  To  this  point  we  shall  recur  later.  It  is  evident 
that  the  paragenesis  of  all  these  mineral  species  presents  a  complex 
chemical  problem,  quite  analogous  to  that  investigated  by  Van't  Hoff 
in  his  studies  of  the  Stassfurt  beds. 

About  12  miles  north  of  Daggett,  in  the  southern  part  of  San 
Bernardino  County,  a  still  different  borate  deposit  is  found. ^  Here, 
interstratrfied  with  lake  sediments,  a  solid  bed  of  colemanite  exists, 
which  ranges  from  5  to  30  feet  in  thickness  and  is  highly  crystalline. 

t  De  (iroot  also  ment  ions  cerarg>'rite,  embolite,  and  sold:  but  these  minerals  have  no  obvious  relatlon.Hliip 
to  the  other  species. 

« S.  L.  Penlield,  Am.  Jour.  Sci.,  4th  ser.,  vol.  9, 1900,  p.  425. 

»  J.  H.  Pratt,  Am.  Jour.  Sci.,  4th  ser.,  vol.  2, 1896,  p.  123  et  seq.;  vol.  3, 1807,  p.  75. 

«  S.  L.  Penfleld  and  O.  S.  Jamieson,  idem,  vol.  20, 1905,  p.  217.  The  authors  prepared  tycfaite  synthef - 
ically.  Both  northupite  and  tychite  have  also  been  made  ortlAclally  by  A.  B.  de  Bchulten,  BuU.  Soe. 
Klin.,  vol.  19, 1896,  p.  164,  and  Compt.  Rend.,  vol.  143, 1906,  p.  403.  The  relations  between  the  two  species 
are  perhaps  more  dearly  expressed  by  formuhc  of  the  following  type: 

Tydiite 2MgC0^2Na,C0^Ni^0« 

Northupite 2MKC0s.2Na«r;(V2NaCL 

On  gaylussite  and  pirssonite,  see  R.  Wegscheider  and  H.  Walter,  Mooatsh.  Chemie,  vol.  28, 1907,  p.  633. 

ft  E.  8.  I^usen  and  W.  B.  Hicks,  Am.  Jour.  Sci.,  4th  ser.,  vol.  38, 1914,  p.  437.  Searlesite  b  peeoUarty 
interesting  as  the  flrst  known  example  of  an  alkaline  borosilicate. 

•  For  a  full  description  of  the  minerals  of  Searles's  marsh,  see  H.  S.  Gale  and  W.  T.  Sehaller,  Boll.  U.  S. 
Geol.  Survey  No.  580, 191  i,  pp.  296-308.  On  pp.  276  and  277  Gale  cites  analyses  of  the  brine  of  tbemanh 
or  "lake." 

1  See  M.  R.  Campbell,  Bull.  U.  S.  Geol.  Sur\'ey  No.  200,  and  W.  11.  Storms,  Eleventh  Ann.  Rept.  cali- 
fomia  State  Mining  Bureau,  1893,  p.  345. 
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Atoneead  the  colemanite  is  much  mixed  with  sand,  gypsmn,  and 
d&Y,  suggesting  that  it  had  been  laid  down  at  the  edge  of  an  evapo- 
rating sheet  of  water.  Campbell  regards  the  borax  of  the  Amargosa 
muAm  as  probably  derived  from  the  leaching  of  deposits  simi- 
lar to  this.  H.  S.  Gale/  however,  who  has  more  recently  studied 
tlie  colemanite,  r^ards  it  as  a  vein  mineral. 

From  another  point  in  the  Mohave  Desert  a  mineral  has  been  re- 
ported* (bakerite),  having  the  empirical  formula  8CaO.5B3O3.6SiO,. 
6H}0;  but  its  definite  character  is  yet  to  be  ascertained.  Priceite, 
a  related  mineral^  is  foimd  in  Curry  County,  Oregon,  on  the  shore  of 
tbe  Pacific.  It  occurs  in  compact  nodules,  from  the  size  of  an  egg  up 
to  several  tons  in  weight,  associated  with  serpentine.^  Pandermite, 
anoth^  similar  borate,  from  near  Panderma,  on  the  Sea  of  Marmora, 
alsofomis  nodules,  but  in  a  bed  underlying  a  thick  stratum  of  gyp- 
sum. Colemanite  and  its  modifications,  then,  exist  imder  a  variety 
of  different  conditions,  and  we  can  not  say  that  it  has  always  been 
produced  in  the  same  way.  It  is  stated  by  Campbell,*  however,  that 
tlie  lake-bed  deposits  of  California  were  probably  laid  do\\Ti  during 
» period  of  volcanic  activity. 

Both  colemanite  and  pandermite  have  been  prepared  artificially 
by  J.  H.  Van't  Hoff,'  who  acted  on  ulexite  (boronatrocalcite)  with 
tttorated  solutions  of  alkaline  chlorides.  With  a  solution  of  sodiiun 
>&d  potaasiuni  chlorides  at  110^  pandermite  was  formed  to  which 
Vin't  Hoflf  assigns  the  formula  Ca^BjoOag.lSHjO.  Colemanite, 
(^0^.50^0,  forms  from  ulexite  in  a  sodium  chloride  solution  most 
ittdily  at  70°.  Van't  Hoff,  it  will  be  noticed,  does  not  regard  pan- 
4«inite  and  colemanite  as  identical.  E.  S.  Larsen  ^  has  more  re- 
ceatly  come  to  the  same  conclusion,  and  has  also  shown  that  priceite 
«ad  pandermite  are  one  species. 

Immediately  south  of  Lake  Alvord,  in  Harney  Count}",  Oregon,  an 
^tensive  marsh  is  covered  by  an  incrustation  containing  borax,  salt, 
sodium  sulphate,  and  sodium  carbonate  in  varying  proportions.*^ 
Ilua  locality  has  been  worked  for  borax,  and  the  deposit  is  said  to  be 
continually  reproduced.  The  region  calls  fur  more  complete  exami- 
lUrtioQ,  especially  on  the  chemical  side. 

la  the  arid  region  of  southern  California  beds  containing  sodium 
^te  are  found  near  the  borate  deposits.  The  same  association,  if 
wecau  justly  call  it  so,  also  exists  in  South  America,  where  the  soda 
^  of  the  Tarapaca  and  Atacama  deserts  is  accompanied,  more  or 

»  Prof.  Paper  U.  S.  Geol.  Survey  No.  85, 1913,  p.  3. 
s  W.  B.  Giles,  ICineralog.  Uag.,  vol.  13, 1903,  p.  353. 

•  Infomiatioii  received  from  J.  S.  Dfllor,  who  has  examined  the  locality. 
i  Ens.  and  Mln.  Jour.,  vol.  74, 1902,  p.  517. 

•  Sitsnngsb.  Akad.  Berlin,  vol.  39, 1906,  pp.  566. 6^. 

•  Am.  Kinontloglst,  vol.  2, 1917,  p.  I. 

»  W.  D.  Dennis,  Eng.  and  Min.  Jour.,  vol.  73, 1902,  p.  581. 
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less  closely  by  ulexite.  As  early  as  1844  A.  A.  Hayes  *  described  the 
calcium  borate  from  near  Iquique,  and  noted  its  association  with 
glauberite,  gypsum,  pickeringite,  and  a  native  iodate  of  sodium. 
I).  Forbes,^  describing  more  fully  the  salines  of  this  region,  which  he 
regarded  as  post-Tertiary,  added  salt,  epsomite,  mirabilite,  thenardite, 
glauberite,  soda  alum,  anhydrite,  soda  niter,  and  borax  to  the  list  of 
species.  The  salines  themselves  Forbes  attributed  to  the  concentra- 
tion of  sea  water,  but  the  borates  were,  he  believed,  of  volcanic  origin. 
They  occur  in  the  more  elevated  parts  of  the  saline  region,  in  which 
he  found  active  fumaroles;  but  the  latter  were  not  examined  for 
boron.  Later  '  he  was  able  to  confirm  this  view  by  finding  a  calcium 
borate,  either  idcxite  or  bechilite,  actually  in  process  of  deposition 
at  the  hot  springs  of  Bafios  del  Toro,  in  the  Cordilleras  of  Coquimbo. 
L.  Darapsky,  in  his  work  on  the  Taltal  district,*  speaks  of  ulexite  as 
a  regular  companion  of  the  nitrates,  and  especially  notes  the  presence 
of  borates  in  the  waters  of  a  lagoon  at  Maricunga.  The  borax  "  lake" 
of  Ascotan,  according  to  R.  T.  Chamberlin,*  derives  its  borates, 
mainly  idexitc,  from  leachings  from  adjacent  volcanoes. 

Farther  east,  in  Argentina,  several  borate  localities  are  known. 
J.  J.. Kyle®  describes  ulexite,  associated  with  glauberite,  from  the 
Province  of  Salta,  and  refers  to  its  existence  in  Catamarca.  It  is  also 
found  at  Salinas  Grandes,  Province  of  Jujuy,  according  to  H.  Butt- 
genbach,^  who  describes  the  occmrence  in  some  detail.  The  center 
of  the  deposit  is  covered  with  rock  salt  20  .to  30  centimeters  in  thick- 
ness, and  around  its  borders  the  ulexite  nodules  are  unevenly  dis- 
tributed. Gypsum,  soda  niter,  glauberite,  and  pickeringite  are  also 
found  wath  it,  the  gypsmn  predominating.  Boracite  and  camallite 
are  absent.  The  locality  is  overflowed  in  spring  by  water  from  the 
mountains,  but  is  dry  in  summer,  and  Buttgenbach  expresses  the 
opinion  that  ulexite  is  produced  every  year  at  flood  time.  It  will 
be  remembered  that  this  same  phenomenon  of  growth  was  noted  in 
connection  with  the  Nevada  mineral.  The  boric  acid  of  the  ulexite 
is  regarded  by  Buttgenbach  as  being  of  volcanic  origin.'  The  same 
view  is  held  by  A.  Jockamowitz  ®  with  regard  to  the  ulexite  of  the 
Salinas  Lagoon,  Province  of  Arequipa,  Peru. 

1  Am.  Jour.  Sci.,  1st  ser.,  vol.  47, 1S44,  p.  215. 
8  Quart.  Jour.  Geol.  Soc.  London,  vol.  17, 1S61 ,  p.  7. 
«  rhilos.  Mag.,  4lh  ser.,  vol.  25, 1863,  p.  113. 

*  Dos  Departement  Taltal  (Chile),  Berlin,  1900.    See  especially  pp.  149, 150, 163.    An  abstract  Is  printed 
in  Zeitschr.  prakt.  Geologie,  1902,  p.  153. 

•  Jour.  Geology,  vol.  20,  p.  763, 1912. 

•  Anales  Soc.  clent.  Argentina,  vol.  10, 1880,  p.  169. 

T  Aimales  Soc.  g6ol.  Belgique,  vol.  28,  M,  1900-1901 ,  p.  99.    Analyses  of  the  ulexite  are  given. 

•  In  rhem.  Zeitung,  vol.  30, 1906,  p.  150,  F.  Reichert  describes  eight  of  the  Argentine  "  borateras"  and 
gives  analyses  of  their  products.  His  complete  report,  Los  yacimientos  de  boratos,etc.»  is  in  Anales  del 
Kinisterio  de  agricultura,  Buenos  Aires,  1907.  For  an  abstract,  see  Zeitschr.  Kryst.  Hin.,  vol.  47, 1900 
p.  205. 

•  Bol.  Cuerpo  ing.  minas,  Peru,  No.  49, 1907. 


SALINE  RESIDUES.  245 

The  old  localities  for  borax  in  Tibet  and  the  adjacent  region 
have  been  little  visited  by  Europeans,  and  detailed  information 
concerning  them  is  very  scanty.  H.  von.  Schlagintweit,*  however, 
has  described  the  great  borax  deposits  of  the  Puga  Valley,  in  Ladak, 
where  the  mineral  covers  the  ground  over  a  lai^e  area  to  an  average 
depth  of  3  feet.  The  borax  is  a  deposit  from  hot  springs,  which 
issue  more  than  15,000  feet  above  sea  level,  at  a  temperature  ranging 
from  64°  to  58**  C.  The  saline  mass  also  contains  free  boric  acid 
and  sulphur,  with  less  salt,  ammoniimi  chloride,  magnesium  sulphate, 
and  alum,  and  there  is  much  gypsum  in  its  vicinity.  No  ulexite 
was  foxmd. 

On  the  peninsula  of  Kertch,  near  the  Sea  of  Azov,  borax  occurs 
among  the  erupted  substances  of  the  so-called  *'mud  volcanoes."* 
It  effloresces  upon  the  surface  of  the  dried  mud,  and  is  more  or  less 
mixed  with  salt  and  soda. 

Since  borates  are  present  in  sea  water,  it  follows  that  they  must 
also  occur  among  the  products  of  its  evaporation.  This  conclusion 
is  best  verified  at  Stassfurt,  where  the  following  species  are  foxmd:* 

Boracite MgyClaBjcOao. 

Pinnoite MgBaO^.SHjO. 

Ascharite 3Mg2B305.2H20. 

Heintzite K2Mg4B23038.14H20. 

Hydroboracite  (?) CaMgBcOu.GHaO. 

Sulphoborite 2MgSO4.4MgHBO3.7HaO. 

Of  these  species,  hydroboracite  is  found  in  the  lower  deposits  at 
Stassfurt,*  associated  with  anhydrite;  the  others  are  characteristic 
of  the  camallite  zone.  That  is,  they  are  mother  liquor  salts,  and 
among  the  latest  substances  to  crystallize.  It  is  also  to  be  noted 
that  they  are  essentially  magnesian  borates,  and  that  calcium, 
which  is  the  dominant  metal  in  the  Chilean  and  Califomian  localities, 
occurs  in  only  one  of  the  Stassfurt  species.  This  is  what  we  should 
expect  from  sea  water,  in  which  magnesium  is  abimdant  and  calcium 
relatively  subordinate.  In  any  general  discussion  of  the  genesis  of 
borates  this  distinction  must  be  borne  in  mind.^ 

In  the  gypsum  beds  of  Nova  Scotia  ulexite,  howlite,  and  crypto- 
morphite  are  found,  associated  with  anhydrite,  selenite,  mirabUite, 
salt,  aragonite,  and  calcite,*  Howlite  is  represented  by  the  formula 
H6CaB2SiOi4;  cryptomorphite  ^  is  probably  HjNa^Cae (6407)9.2211,0. 
If  this  gypsum  is,  as  most  authorities  assume,  a  marine  deposit 

1  Sitzimgsb.  Acad,  lianchen,  vol.  8, 1S78,  p.  518. 

«  W.  8.  Vemadsky  and  S.  P.  Popoff,  Zeltschr.  prakt.  Goologie,  1902,  p.  79. 

I  LOneburgite,. a  magnesium  borophosphate  found  with  the  potash  salts  of  Liincburg,  Hannover,  may 
fairly  be  included  with  this  list. 

4  In  his  paper  on  the  borates  of  the  Oerman  potash  salts,  H.  E.  Boeke  (Centralbl.  Min.,  Gool.  u.  Pal., 
1910,  p.  531)  does  not  mention  hydroboracite.    Its  identiflcation  is,  perhaps,  not  quite  certain. 

•  See  also  W.  Bilts  and  E.  Marcus  (Zeitschr.  anorg.  Chemie,  vol.  72, 1911,  p.  302)  on  the  borates  of  Sta.«sftirt. 

•  See  H.  How,  Am.  Jour.  Sd.,  2d  sen,  vol.  32, 1861,  p.  9;  Philos.  Hag.,  4th  ser.,  vol.  35, 1868,  p.  31;  vol.  41, 
1871,  p.  270. 

f  Caloolated  by  F.  W.  Clarke  from  How's  analysis. 
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these  salts  occupy  a  position  similar  to  that  filled  by  hydioboracito 
at  Stassf  urty  but  the  total  absence  of  magnesium  is  rather  striking.^ 

In  order  to  account  for  the  origin  of  boric  acid  and  saline  borates, 
three  hypotheses  have  been  proposed  and  strenuously  advocated. 
First,  they  may  be  derived  from  the  leaching  of  rocks  containing 
borosilicates,  such  as  tourmaline,  axinite,  dumortierite,  danbiuite, 
and  datolite.  Second,  they  are  supposed  to  be  of  volcanic  origin. 
Third,  tliey  are  regarded  as  marine  deposits.  Probably  each  mode 
of  derivation  is  represented  by  actual  occurrences  in  nature,  as  may 
bo  judged  from  the  evidence  brought  forward  in  the  preceding 
pages,  but  the  first  supposition  has  not  been  directly  tested  at  any 
known  locality.  Many  rocks,  especially  granites  and  mica  schists, 
contain  tourmaline;  they  undergo  decomposition,  and  boric  acid 
is  washed  away;  but  borates  from  that  source  have  not  been  found 
to  acciunulate  in  any  known  saline  residue.  They  may  do  so,  bat 
they  have  not  been  directly  traced.  If,  however,  it  could  be  shown 
that  volcanic  borates  came  from  the  thermal  metamorphism  of 
tourmalino-bearing  rocks,  the  first  and  second  hypotheses  mi^t 
bo  partly  unified.  Even  then  tho  question  of  the  formation  of 
soluble  borates  by  weathering  would  be  untouched. 

The  volcanic  theory  seems  to  fit  a  considerable  number  of  borate 
localities,  although  its  application  to  some  cases  may  have  been 
forced,  and  for  others  its  validity  has  been  doubted.  Several 
writers  havo  denied  the  volcanic  character  of  the  Tuscan  fumaroles, 
despite  tho  thermal  activity  of  the  region  and  the  presence  in  it  of 
eruptive  rocks.^  That  boric  acid  is  emitted  from  volcanic  venta  is, 
however,  imquestionable.  It  is  there  associated  with  ammonium 
salts  precisely  as  it  is  at  Monte  Cerboli — an  association  which  can 
not  be  overlooked  or  disregarded. 

Tho  marine  origin  of  borates  is  most  evident  at  Stassfurt,  althou^ 
even  here  their  presence  has  been  attributed  to  the  iujection  of 
volcanic  gases.  Here,  however,  and  also  in  the  gypsum  beds  of 
Nova  Scotia  the  nitrogen  compounds  are  lacking,  a  clear  distinction 
from  the  presumably  volcanic  occurrences.  At  Stassfurt  the  vol- 
canic hypothesis  seems  to  be  quite  superfluous,  and  the  derivation 
of  all  the  saline  substances  which  there  coexist  can  be  most  easily 
explained  as  duo  to  the  concentration  of  sea  water.  The  existence 
of  borates  in  the  latter  is  clearly  established;  but  whence  were  they 
derived  ?  -^Vny  answer  to  that  question  must  be  piu'ely  speculative. 
Whether  >  wo  invoke  the  aid  of  submarine  volcanoes  or  attribute 

1  The  suggestion  of  J.  W.  Dawson  (Acadian  geology,  1^1,  p.  262)  that  these  enonnona  jmaaesotgfpmm 
were  produced  by  tho  action  of  acid  volcanic  waters  on  limestone  is  of  doubtrul  signiAcance.  The  regioa, 
however,  contains  eruptive  rocks  in  great  abundance,  a  fact  which  may  partly  Justify  the  speoulatiQiL 

«  See,  for  example,  a  letter  from  W.  P.  Jervis,  published  by  H.  O.  Hanks  Ui  Third  Ann.  Ropt. 
Mineralogist  Calilomia,  1S83,  p.  68;  also  L.  Diculalalt,  Compt.  Rend   vol.  100, 1885,  p.  1840. 
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oor  bcmtes  to  leachings  from  the  land,  we  go  beyond  the  limits  of 
our  knowledge  and  remain  unsatisfied. 

GMifiDing  ourselves,  then,  to  considerations  of  a  proximate  char- 
acter, we  may  fairly  assert  that  certain  borate  localities  are  of  volcanic 
and  others  of  oceanic  origin.  Nevertheless,  attempts  have  been  made 
to  explain  all  these  deposits  by  the  marine  hypothesis,  as  in  the 
memoirs  of  C.  Ochsenius '  and  L.  Dieulaf ait.'  Dieulaf ait  tries  to 
]iroye  that  all  saline  deposits  are  primarily  derived  from  sea  water, 
inrither  ancient  or  modem  times,  and  even  the  Tuscan  ''soffioni" 
ire  supposed  by  him  to  draw  their  boric  acid  from  subterranean  salif- 
eroos  sediments.  Mother  liquors,  rich  in  magnesium  chloride  and 
keated  by  steam,  are  thought  to  liberate  hydrochloric  acid,  which, 
acting  upon  the  magnesium  borates,  sets  boric  acid  free,  to  be  carried 
upward  by  the  escaping  vapors.  These  reactions  are  possible,  but  it 
ianot proved  that  they  have  actually  occurred.  Ochsenius  also  argu^ 
mmuch  the  same  way,  and  points  out  that  beds  of  rock  salt  exist  at 
no  very  great  distance  from  the  region  of  fumaroles.  Their  mother 
fiqnors  are  io  his  mind  the  source  of  the  boric  acid. 

If  we  turn  to  the  idexite  and  colemanite  beds  of  California  and 
Qiile,  we  find  a  distinct  set  of  phenomena  to  be  interpreted.  Here  we 
fed  undoubtedly  with  ancient  lake  beds,  but  the  residues  contain 
calcium,  not  magnesium  borate.  Some  of  the  deposits  are  below  sea 
level,  as  at  Death  Valley;  others  are  thousands  of  feet  above,  as  at 
Kiriconga;  and  in  or  near  all  of  them  nitrates  are  also  found.  Hot 
springs  are  common  in  both  regions,  in  California  as  well  as  in  Chile; 
btttthey  have  not  been  exhaustively  studied.  Do  they  contain  boric 
wid  and  ammonia  ?  If  so,  did  the  lake  beds  derive  their  nitrates 
from  such  sources?  These  questions  arc  legitimate  ones  for  future 
investigators  to  answer,  and  the  replies  may  help  to  solve  the  problem 
iww  before  us.  -rVmmonia,  by  oxidation,  jdelds  nitric  acid — a  reac- 
fion  which  has  been  studied  exhaustively  in  the  interests  of  agricul- 
tare.  Forbes  found  a  calcium  borate  forming  in  a  Chilean  hot 
S*ing.'  Magnesium  borates  do  not  occur  in  either  group  of  localities, 
ftwa  these  facts  we  .see  that  a  volcanic  origin  is  conceivable  for  the 
A^offlto  in  question,  whereas  a  marine  source  is  not  at  all  clearly 
©ficated.  Neither  hypothesis  can  be  adopted  with  any  degree  of 
•8BDrance;  but  the  volcanic  theory  is  the  more  plausible  of  the  two. 
^  we  pass  on  to  the  study  of  the  nitrate  beds,  these  suggestions  may 
^me  a  little  clearer.  For  the  moment,  the  following  summary 
^JBBTve  to  assist  future  discussion: 
(1)  Marine  deposits  contain  magnesium  borates. 

'  ZtttKhr.  pnkt.  Gedogie,  18Q3,  pp.  199,  217.    Borates  especially  on  pp.  222, 223. 

'AoQitaiililQi.  pbys-t  6th  ser.,  vol.  12, 1877,  p.  318;  vol.  25, 1882,  p.  145.  Also  Compt.  Eciwl..  vol.  83, 
^'V-«6;  ToL  H 1882;  p.  US2;  yol.  100, 1885,  pp.  1017, 1240. 

*8oiiiQ(tfaiCbUflBa  thermal  waters,  analyzed  by  J*.  Martens  (Actcs  Soc.  sci.  Chili,  vol.  7, 1897,  p.  311), 
'"'^  both  borates  and  ammoniam  salts,  but  not  in  remarkable  proportions. 
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(2)  Lake-bed  deposits  contain  calcium  borates,  with  nitrates 
near  by. 

(3)  Volcanic  waters  and  fumaroles,  when  they  yield  borates,  yield 
ammonium  compounds  also. 

NITRATES. 

Nitrates  are  commonly  formed  in  soils  by  the  oxidation  of  organic 
matter,  a  process  in  which  the  nitrifying  micro-organisms  play  an 
important  part.^  In  moist  cUmatcs  these  salts  remain  in  the  ground 
water,  are  consumed  by  growing  plants,  or  are  washed  away;  in  arid 
or  protected  regions  they  may  accumulate  to  a  considerable  extent. 
Some  nitrates  are  also  derived  from  atmospheric  sources,  the  acid 
being  formed  by  electrical  discharges  and  brought  down  by  rain,  but 
their  amount  is  probably  only  a  small  portion  of  the  entire  product. 
Wherever  organic  matter  putrefies  in  contact  with  alkahne  materials, 
such  as  Ume  or  wood  ashes,  nitrates  are  produced — a  process  which 
has  been  carried  on  artificially  in  various  countries  in  order  to  supply 
the  industrial  demand  for  saltpeter.  In  sheltered  places,  such  as 
caverns,  calcium  nitrate  is  often  produced  in  large  quantities,  and  its 
formation  has  commonly  been  attributed  to  the  nitrification  of  bat 
guano.'  This  supposition,  however,  may  not  cover  all  cases,  for 
W.  II.  IIcss  '  claims  that  nitrates  are  uniformlv  distributed  over  cave 
floors  in  Kentucky  and  Indiana,  even  in  the  remote  interiors  of  cav- 
erns where  no  guano  exists.  In  drippings  from  the  roof  of  the  Mam- 
moth Cave  he  found  5.71  milligrams  per  Uter  of  N2O5,  whose  source 
he  ascribes  to  percolating  waters  from  outside.  The  cave,  in  his 
opinion,  acts  as  a  receptacle  for  stopping  a  part  of  the  surface  drain- 
age, in  which  nitrates  are  produced  in  the  usual  way.  Earth  gathered 
far  within  the  cavern  contains  nitrates,  but  almost  no  organic  matter. 
The  deposits  of  potassium  nitrate  found  in  Hungary  are  traced  by 
C.  Ochsenius  *  to  the  mother  liquors  of  sea  water,  their  potassium 
chloride  being  first  transformed  to  carbonate,  which  latter  is  then 
nitrified  in  presence  of  organic  substances.  In  this  suggestion  the 
hypothetical  element  is  rather  large,  although  it  is  plausibly  defended* 

We  have  already  noticed  the  existence  of  soda  niter  among  the  min- 
erals of  Searles's  marsh,  and  its  probable  association  with  anoimonium 

•  Sec  for  example  W.  I*.  Headdcn  (Proc.  Colorado  Sd.  Soc.,  vol.  10,  1911,  p.  99),  on  unusual  aocumull^ 
lions  of  nitrates  in  certain  Colorado  soils.     He  cites  other  literature. 

»  Sec  A.  Muntz  and  V.  Marcano,  Ann.  dilm.  phys.,  6th  ser.,  vol.  10, 1887,  p.  550,  on  cave  earth  from  Vene- 
zuela. For  an  account  of  saltpeter  earth  in  Turkestan  see  N.  LJubavln,  Jour.  Chem.  Soc.,  toL  48, 1885,  p. 
128.  On  nitrate  earth  at  Tacunga,  Ecuador,  see  J.  B.  Boussingault,  Annales  chim.  phjrs.,  4th  ser.,  voL  7, 
1866,  p.  358,  followed  by  a  letter  from  Chabrid  on  Algerian  saltpeter.  M.  Glasenapp  (Ann.  g66L  min. 
Hussle,  vol.  12, 1910,  p.  42,  abstract)  describes  an  impregnation  of  potassium  nitrate  in  the  Senonian  sand- 
stones of  the  Caucasus.  On  nitrate  shales  in  Egypt  see  W.  F.  Hume,  M^m.  Inst.  ^g3rptien,  vol.  8, 1015,  p. 
14'i.    From  notice  in  Oeol.  Mag.,  1916,  p.  328. 

•  Jour.  Geology,  vol.  8,  1900,  p.  129.  The  views  advanced  by  Iless  have  been  disputed  by  H.  W. 
Nichols  (Jour.  Geology,  vol.  9, 1901,  p.  236),  who  regards  guano  as  the  chief  source  of  cave  nitrates. 

^Zeitschr.  prakt.  Ceologie,  1893,  p.  60. 
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compounds.  The  same  substance  is  also  reported  to  occur  in  large 
quantities  at  various  other  points  in  southern  California,  especially 
around  Death  Valley  and  along  the  boundary  between  Inyo  and 
San  Bernardino  counties.^  It  is  said  to  form  beds  associated  with 
the  later  Eocene  clays,  and  in  some  cases  to  impregnate  the  latter; 
but  its  direct  conjunction  with  borates  is  not  positively  asserted^ 
except  in  the  locality  at  Searles's  marsh.  The  fact  that  soda  niter 
eidsts  in  the  same  region  with  the  borates  is  important,  however,  for 
it  correlates  the  California  deposits  with  the  Chilean  beds,  where  a 
similar  relationship  is  recognized.  According  to  Bailey ,^  the  rare 
species  darapskite  and  nitroglauberite,  previously  known  only  from 
(He,  are  also  found  in  the  nitrate  beds  of  California. 

In  the  deserts  of  Atacama  and  Tarapaca,  in  the  northern  part  of 
(Me,'  are  found  the  largest  known  deposits  of  nitrates  in  the  world. 
Tlie crude  sodium  nitrate  is  termed  locally  ''caliche,"  and  the  "cali- 
cheras"  are  scattered  over  a  large  area  which  also  contains  beds  of 
salt,  "salares,"  and  the  deposits  of  ulexite  which  we  have  already 
conadered.  According  to  V.  L^Olivier,*  the  nitrates  were  first  de- 
posited, then  the  salt,  generally  to  the  westward  of  the  calicheras, 
and  finally  the  borates,  which  lie  more  to  the  east  and  in  the  higher 
levels  of  the  evaporation  basins.  Some  ulexite,  however,  is  found  in 
the  nitrate  beds.  A  characteristic  calichera,  in  the  Atacama  Pcsert, 
50  miles  west  of  Taltal,  is  described  by  J.  Buchanan  ^  as  being  made 
op  of  the  following  layers. 

Section  of  typical  calichera  in  Atacama  Desert^  Chile. 

Ft.  In.   * 

1.  Sand  and  gravel 1-2 

2.  *'Chuaca,"  a  porous,  earthly  gypsum 6 

3.  A  compact  mass  of  earth  and  stones 2  -10 

4.  *'Coetra/' a  low-grade  caliche,  containing  much  sodium 

chloride,  feldspar,  and  earthly  matter 1-3 

6.  "Caliche."    (In  the  Tarapaca  Desert  it  is  from  4  to  12 

feet  thick) IJ-  2 

6.  "Coba,"  a  clay ±3 

Tke  costra  contains  a  considerable  amount  of  bloedite;  the  rarer 
'"iiiicffals,  to  be  mentioned  presently,  are  found  in  the  caliche. 

*Q.S.  BftOey,  Boll.  No.  24,  California  State  Mining  Bureau,  1902,  pp.  139-188. 

*0p.c!t,p.l70. 

'IhingiaQ  was  fonnorly  a  part  of  Peru  and  Bolivia. 

lAanaleieliim.  pihya.,  5th  ser.,  toI.  7, 1876,  p.  289.  For  other  details  see  D.  Forbes,  Quart.  Jour.  Geol. 
''^v«Ll7, 1861,  p.  7;  C.  Ochaenius,  Zeitschr.  Dcutsch.  geol.  Gcsell.,  1888,  p.  153;  and  Ia  Darapsky,  Das 
^^Wanioit  Tiltal  (Chile),  Berlin,  1900.  See  also  A.  Pissis,  Nitrate  and  guano  deposits  in  the  Desert 
^(AtMiiBs,  LoDdoo,  1878,  published  by  authority  of  the  Chilean  Government.  An  earlier  description 
•"^tftnte  field  by  J.  W.  Flagg  is  given  in  Am.  Chemist,  vol.  4,  1874,  p.  403;  and  there  is  a  recent  im- 
Mttnanoirby  Semper  and  If  ichels,  Zeitschr.  Berg-,  Uiltten-  u.  Salinenwesen  preuss.  St.,  1904,  pp. 
J*^  SmsIso  W.  8.  Tower,  Min.  and  Sci.  Press,  vol.  107,  1913,  p.  496,  and  W.  H.  Ross,  Pop.  Scl. 
■■ttly,ToL  85^  MM,  p.  134. 

'^.  8oe.  Ctaem.  Ind.,  toJ.  12, 1893,  p.  128,    See  also  B.  Shnmersbach  and  ¥.  l&a^i,  TAsWat^Yvx.  v^^^^** 
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Tho  composition  of  the  caliche  is  very  vari&Ue,  as  the  foUowing 
analyses,  cited  by  R.  A.  F.  Penrose,  jr.,  show:* 


Analyses  of  caliche. 


NaNOj 

KNO, 

NaCl 

CaCL 

MgOf, 

KCIO4 

Na^O^ 

MgS04 

CaSO^ 

SS't"!::::::::::::: 

NalOa 

NH4  salts 

NaaCrO. 

Insoluble 

HaO,  combined,  etc . . . 


28.54 

Trace. 

17.20 


Trace. 
5.40 
3.43 
2.67 
.49 
.047 
.043 
Trace. 


40.30 
1.88 


100.00 


B 


53.50 
17.25 
21.28 


.78 

1.93 

1.35 

.48 

.56 


.01 

Trace. 

Trace. 

2.07 

.79 


100.00 


41.12 
3.43 
3.58 


.75 

Trace. 

10.05 

3.86 

.20 


.05 
Trace. 


31.86 
5.00 


61.97 

5.15 

27.55 


.21 
2.13 
.15 
.41 
.43 


.94 
Trace. 
Trace. 

.39 

.67 


B 


22.73 

1.65 

41.90 


Trace. 

.94 
3.13 
4.80 

.53 


.07 

Trace. 

Trace. 

22.50 

1.75 


100.00 


100.00 


100.00 


24.90 

2.50 

24.50 


Trace. 

6.50 

6.50 

4.50 

.15 


.064 
Trace. 


28.40 
2.00 


100.00 


27.06 

L34 

a96 

5.25 

.18 

Trace. 

None. 

None. 

2.89 

.52 


.06 
Trace. 


47.34 
6.37 


100.09 


Anhydrite,  gypsum,  thenardite,  mirabilite,  bloedite,  epsomite, 
glauberite,  and  salt  are  associated  with  the  nitrates,  and  also  the  four 
following  more  unusual  species: 

Darapskitc NaNO,.Na2S04.H/). 

Nitroglauberito 6NaNO3.2Na2SO4.3H9O. 

Lautarite CaljO^. 

Dietzeite 7CaIaOe.8CaCr04. 

The  lautarite  and  dietzeite  are  remarkable  as  the  first  definitdy 
kno\^^  iodates  to  be  found  in  the  mineral  kingdom,  although  A.  A. 
Hayes  -  reported  sodium  iodate  as  long  ago  as  1844.  In  dietzeite 
we  have  a  compound  of  iodate  and  chromate  which  is  analogous  to 
some  artificial  salts  but  whose  origin  it  is  difhcult  to  understand. 
Bromine  is  generally  believed  to  be  absent  from  nitrate  beds,  but 
A.  Muntz ''  claims  to  have  found  it,  in  the  form  of  bromates,  in  the 
mother  liquors  from  which  the  saltpeter  had  crystallized  out.  Fur- 
thermore, in  recent  years  considerable  quantities  of  perchlorates, 
running  in  exceptional  cases  as  high  as  6.79  per  cent  of  KCIO4,  have 
been  discovered  in  Chilean  nitrates.*  Finally,  these  nitrates  always 
contain  some  borates,  perceptible  traces  of  rubidium,  and  lithium, 

1  Jour.  Geology,  vol.  18, 1010,  p.  14;  D.  0.  Buchanan,  analyst.  For  other  analyses  see  L.  Danpsky,  Dm 
Dcpartcment  Taltal,  Berlin,  1900;  A.  ZillarucUo,  Anales  Soc.  dent.  Argentina,  roL  66^  p.  20;  and  F.  W. 
Dafert.  Monatsh.  Chem.,  vol.  29, 1906,  p.  235. 

s  See  ante,  p.  244. 

'  Annales  chim.  phys.,  6th  ser.,  vol.  11, 18S7,  p.  121. 

«  B.  Sjollema,  Chem.  Zeltung,  vol.  20, 1896,  p.  1002.  As  the  percfalorates  are  believed  to  favors  the  nitnla 
as  a  fertilizer,  a  voluminous  discussion  over  their  detection  and  efTects  has  appeared  In  the  aKriealtinri 
Journals. 
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Imt  probably  no  cnsium.^    The  borates  may  bo  small  in  amount,  but 
it  is  doubtful  whether  they  are  ever  quite  absent. 

The  nitrate  beds  of  South  America  are  not  entirely  confined  to 
Qiiie,  although  the  Chilean  deposits  outrank  all  others  in  impor- 
tance. The  locality  at  Salinas  Grandes,  Argentina,  has  already  been 
Boticed  in  connection  with  its  borates,  and  the  niter  there  seems  to 
be  in  entirely  subordinate  quantities.  In  the  Argentine  Territory 
of  Santiago  del  Estero,  according  to  W.  F.  Reid,^  there  are  salines 
wbich  form  crusts  of  salt  during  siunmer;  and  in  the  centers  of  the 
ligoons  mother  liquors  exist  from  which  sodium  nitrate  is  obtained. 
Ziracristi'  has  described  another  occurrence  in  the  valley  of  the 
rirer  San  Sebastiano,  in  Colombia,  where  beds  of  sodium  nitrate 
overlie  a  mixture  of  gypsum  and  calcareous  clay,  containing  some 
oxide  of  iron  and  conmion  salt.  This  deposit  is  very  impure.  An 
immense  deposit  of  potassium  nitrate,  according  to  F.  Sacc,^  exists 
aear  Cochabamba,  Bolivia,  in  direct  association  with  borax.  Sacc's 
analysis  of  a  sample  from  this  locality  gives  the  following  percentage 
ccmiposition  of  the  salts: 

Analysis  of  nitrate  deposits  near  Cochahamhay  Bolivia. 

OOj GO.  70 

NajB^Oy 30.  70 

NiCl.-f Trace. 

H,0 Trace. 

Ozganic  matter 8.  60 

100.00 

The  soil  below  the  layer  aLso  contains  borax.  Sacc  attributes  the 
nitrates  to  the  oxidation  of  ammonium  salts  in  the  soil.  The  associa- 
tion of  borates  with  potassium  nitrate  is  especially  noteworthy,  and 
fte  locality  ought  to  receive  a  more  detailed  examination. 

No  satisfactory  explanation  of  the  nitrate  beds  has  yet  been  found, 
diliongh  many  theories  have  been  proposed  to  account  for  them. 
Intddition  to  that  of  Forbes,  already  cited  in  relation  to  the  borates, 
flie  following  discussions  of  the  subject  are  worth  considering.  C. 
NoeBner,*  who  assumed  a  marine  origin  for  the  deposits,  suggested 
4»t  their  nitrogen  might  be  derived  from  decomposition  of  great 
nuaees  of  seaweeds ;  but  this  view  has  not  been  generally  accepted, 
^example,  the  beds  at  Maricunga  •  are  3,800  meters  above  sea  level 
^  180  miles  from  the  coast,  and  other  localities  present  similar 
™cnlties  of   distance    and   elevation.     The   plain   of  Tamarugal, 

I L.  DIealalait,  Compt.  Rend.,  vol.  98, 18SI,  p.  151-'. 

*  Jofor.  Soe.  Chem.  Ind.,  vol.  19, 1900,  p.  414. 

>  Bfa:^.  u.  nnttennL  Zeitung,  vol.  55, 1896,  p.  391.    Two  analyses  ore  pivon. 
« Contpt.  Rend.,  Yol.  99, 1884,  p.  84. 

•  Jour.  pnkt.  Chemle,  vol.  102, 1867,  p.  459. 
•SeeE.  Semper  and  M.  Bbncireniioni,  ZeJtschr.  prakt.  r.Qj\:>g\«,  \<»n:^,x».^SM. 
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studied  by  W.  Newton,*  lies  between  the  coast  range  and  the  Andes, 
3,000  feet  above  the  sea,  and  the  nitrate  beds  have  peculiarities  which 
seem  to  preclude  either  an  oceanic  origin  or  a  derivation  from  guano. 
Here,  at  least,  bromides  are  absent,  and  only  traces  of  phosphates  can 
be  found.  Sea  water  would  yield  the  former;  from  guano  the  latter 
would  remain.  Newton  regards  the  nitrates  as  originally  formed  by 
the  oxidation  of  organic  matter  in  alluvial  soil.  Tropical  floods, 
which  cover  the  plain  once  in  every  seven  or  eight  years,  bring  upon 
it  the  concentrated  fertility  of  thousands  of  square  miles  and  sweep 
the  deposits  to  the  landward  side  of  the  coast  chain,  where  they  are 
mainly  found.  This  is  Newton's  view,  although  he  admits  the  possi- 
bility that  electrically  generated  atmospheric  nitrates  may  also  be 
present.  The  same  possibility  is  recognized  by  Semper  and  Blancken- 
horn,  but  rejected  by  A.  Muntz,*  who  regards  the  electrical  source  as 
quite  inadequate.  Muntz  accepts  an  organic  origin  for  the  nitrates, 
and  argues  that  the  calcium  salt  was  first  formed,  as  in  the  ordinary 
artificial  process  of  nitrification.  That  compound  then  reacts  witii 
sodium  chloride,  forming  calcium  chloride  and  sodium  nitrate,  a 
transformation  which  he  effected  experimentally.  The  same  result 
was  also  obtained  later  by  A.  Gautier,'  who  finds  in  guano  the  source 
of  the  nitrogen.  The  reaction  is  further  suggested  by  the  facts  that 
the  Chilean  niter  is  always  associated  with  salt,  and  that  calciiun 
chloride  is  found  in  the  imderground  waters  of  the  Pampas.  Muntz 
also  proved,  by  dii^ecfc  experiment,  that  iodides  in  a  nitrifying  mix- 
ture were  oxidized  to  iodates;  and  from  the  absence  of  phosphates 
in  the  nitrate  beds  he  infers  that  the  nitrates  have  been  transported 
in  solution  and  redeposited  at  a  distance  from  the  original  seat  of 
their  formation. 

C.  Ochsenius,*  who  has  written  voluminously  on  the  Chilean 
nitrates,  regards  them  as  derived  from  the  mother  liquors  of  salt 
deposits  in  the  Andes.  These  are  supposed  to  flow  downward  to  the 
plains,  their  chlorides  being  partly  converted  to  carbonates  by  car- 
bonic acid  of  volcanic  origin.  The  nitrogen  is  brought  as  ammoniacal 
dust  from  guano  bods  upon  or  near  the  scacoast,  the  heavier  phos- 
phatic  particles  being  left  behind.  That  such  dust  is  carried  by  the 
winds  is  certain;  but  is  it  carried  in  sufficient  amounts  to  account  for 
large  nitrate  deposits  far  inland  ?  Another  difficulty  is  suggested  by 
Darapsky,  who  points  out  in  his  work  on  Taltal  the  comparative 
scarcity  of  carbonates  in  the  nitrate  regions.  Even  the  waters  of  the 
Pampas  contain  little  carbonic  acid,  and  among  the  mineral  springs 

» Jour.  Soc.  Chom.  Ind.,  vol.  10, 1000,  p.  408.    See  also  an  earlier  paper  in  Geo!.  Mag.,  1896,  p.  339. 

«  Annalp5 chim.  phys.,6thser.,  vol.  11, 1S87,  p.  Ill, 

>  Annalcs  das  mines,  9th  ser.,  vol.  5, 1894,  p.  50. 

«Zeitschr.  prakt.  Geologie,  1893,  p.  217;  1901,  p.  237;  1901,  p.  242.  Zeitschr.  Deutsch.  geoL  Gesell.,  1888, 
p.  153.  Ocbsenitis's  work,  Die  Bildong  des  Natronsalpeters  aus  Muttorlaugensalzen,  Stuttgart,  1887,  I 
have  not  boon  able  to  ^e.    His  controversial  papers,  cited  above,  give  a  complete  ezposition  of  his  views. 
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of  Chile  and  Ai^entina  carbonated  waters  are  the  exception  rather 
than  the  rule. 

Penrose,*  in  his  recent  study  of  the  nitrates,  favors  a  marine  origin 
for  them,  on  the  ground  that  the  pampa,  where  the  nitrate  deposits 
occur,  was  once  a  part  of  the  ocean  bottom.  Their  nitrogen  he 
derives  from  guano,  and  their  iodine  either  from  decomposing  sea- 
weeds or  from  mineral  springs.  The  borates  he  ascribes  to  the 
decomposition  of  rocks  containing  boron-bearing  minerals.  The 
absence  of  bromides  and  the  occurrence  of  nitrates  at  great  eleva- 
tions he  does  not  try  to  explain. 

Still  m6re  recently  J.  T.  Singewald,  jr.  and  B.  L.  Miller,^  from  a 
study  of  the  Tarapaca  region,  conclude  that  the  nitrates  are  derived 
from  the  concentration  by  evaporation  of  the  traces  of  these  salts  con- 
tained in  the  ground  water.  L.  Sundt,  on  the  other  hand,  points  out 
the  presence  of  nitrate  beds  on  arid  hilltops,  where  no  ground  water 
exists,  and  favors  the  atmospheric  origin,  through  electrical  agencies, 
of  the  nitric  acid,  which  decomposes  the  fcldspathic  porphyrites  that 
supply  the  alkaline  base. 

That  the  nitrate  beds  are  proximately  derived  from  the  evapora- 
tion of  saline  waters  is  beyond  doubt,  but  their  marine  origin,  in 
iig^t  of  what  has  been  said,  seems  to  be  questionable.  The  ultimate 
source  of  their  nitrogen  is  a  more  troublesome  question  and  remains, 
so  far,  unsolved.  The  weight  of  opinion  favors  a  derivation  from 
organic  matter,  and  from  this  point  of  view,  Newton  *s  explanation 
of  the  deposits  is  as  satisfactory  as  any.  Explanations  of  this  order, 
however,  are  incomplete,  for  they  take  no  accomit  of  the  remarkable 
wsociation  of  boron  and  nitrogen.  Why  do  borates  and  ammonia 
occur  together  in  volcanic  waters,  or  borates  and  nitrates  in  the 
deposits  of  both  Chile  and  California?  This  fact,  which  has  already 
been  emphasized,  is  surely  not  without  significance,  and  it  legitimizes 
the  suspicion  that  the  nitrates  may  be  partly  derived  from  volcanic 
sources.  To  be  sure,  this  is  only  a  suspicion,  but  it  is  one  which 
ought  not  to  be  left  out  of  account.  Hot  springs  are  common  in 
tike  deserts  of  California  and  Nevada;  they  are  also  found  along  the 
volcanic  Andean  chain:  do  they  contain  boron  and  ammonia  as  a 
goieral  rule,  or  only  in  sporadic  instances  ?  Such  waters,  collecting 
ia lagoons  in  the  presence  of  some  organic  matter  and  the  nitrifying 
organisms,  would  yield  nitrates,  and  the  latter  would  be  found  in 

the  dried  residues.  A  careful  examination  of  all  hot  springs  existing 
^  the  vicinity  of  nitrate  beds  is  needed  before  we  can  decide  how 

Ditich  weight  can  be  given  to  this  volcanic  hypothesis.'     It  may  be 

^'iscarded,  but  it  should  at  least  be  thoroughly  investigated. 

*  Joor.  Otology,  vol.  18, 1910.  p.  16. 

'EeQD.QeoIoc7,Tol.ll,1916»p.lQ3.    FoI]owediDVol.l2,m7,p.80,bya(liscuB8ionwith  L.Sundt.    Seo 
""^^B-BotmuMl  H.  B.  Wagenen,  Bull.  Am.  Inst.  Mln.  Eng.,  Fob.,  191&,  p.  5Cy5,QJi^C.\>«UAXV>VTv. 
■^HPwb,  vol.  112, 1916, p,  663, 

'Aowayto  r.  Vmb  Wagenen  (iOn,  and  8ci.  Press,  vol.  M,  1902,  p.  63\  sodV\imTiVtT;vt«\?^to>m<iVivwA 
""^taagttaetbotgprlngat  the  toot  ot  the  Humboldt  Sink,  Humboldt  County  .^ftv. 
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THE  AliUMS. 

Ono  more  class  of  saline  residues  remains  to  be  mentioned.  Wateis 
containing  sulphates  of  iron  or  aluminmn  form  deposits  of  these 
saltS;  which  may  be  neutral  or  basic,  simple  or  complex.  Their  for- 
mation, however,  is  very  local,  and  compounds  of  this  character  are 
rarely  found  far  from  their  points  of  origin. 

They  are  conmionly  derived,  directly  or  indirectly,  from  the  oxida- 
tion of  sulphides,  and  occur  as  incrustations  or  even  as  stalactites, 
aroimd  mineral  springs,  or  in  the  shafts  or  tunnels  of  mines.  Add 
solutions,  produced  by  the  oxidation  of  pyrite,  act  upon  aluminous 
rocks  and  form  sulphates  of  aliunina.  Alunite  and  alunogen  are 
among  the  commoner  species  so  generated.  Alunogen  and  halotii- 
chito,  the  latter  a  sulphate  of  aluminum  and  iron,  are  found  in  large 
quantities  in  Grant  County,  N.  Mex.*  Sulphates  of  iron  of  numer- 
ous species  are  especially  abimdant  in  the  arid  re^on  of  Chile. 
Sulphates  of  zinc,  copper,  cobalt,  and  nickel  are  deposited  by  mine 
waters.  Some  of  the  species  thus  developed  will  be  considered  in 
subsequent  chapters,  either  in  relation  to  the  decomposition  of  rocks 
or  in  connection  with  the  study  of  metallic  ores. 

1  See  C.  W.  Hayes,  Bull.  U.  S.  Geol.  Sun-ey  No.  315, 1907,  p.  215.  On  alunogen  In  Colocado  see  W.  P. 
Headden,  Proc.  Colorado  Sd.  Soc.,  vol.  8, 1905,  p.  62;  also  P.  Termier  on  the  derivaticfli  of  mlanitetraa 
feldspar,  Dull.  Soc. min.,  vol. 31, 190S,  p.  215.  W.  Cross,  Seveateeoth  Ann.  Rept.  U.  S.  GeoL  Sorvey^pLi; 
1.S9G,  p.  314,  and  H.  W.  Turner,  Am.  Jour.  ScL,  4th  ser.,  voL  5, 1898,  p.  424,  have  described  quartx-alonlte 
rocks.  On  alunite  in  ere  bodiessee  F.  L.  Ransome,  Econ.  Geology.  t<4.  2, 1907,  p.  M7.  These  occurmov 
are  products  of  rock  decomposition  rather  than  residues  from  saline  waters.  On  the  remarkable  vein  o( 
alunite  at  Marysvale,  Utah,  see  D.  S.  Butler  and  H.  S.  Gale,  BoU.  U.  B,  GeoL  Survey  No.  511, 1912. 


CHAPTER  VIIL 

VOLCANIC  GASES  AND  SUBLIMATES. 

GASEOUS  EMANATIONS. 

Regardless  of  all  speculations  as  to  the  origia  of  the  lithosphere 
or  as  to  the  nature  of  the  earth'^  interior,  we  must  recognize  the  fact 
that  some  rocks  were  formed  by  the  cooling  of  molten  materials,  and 
we  can  study  the  phenomena  of  their  development  quite  independ- 
eatly  of  cosmogonic  hypotheses.  Fluid  magmas  are  seen  to  issue 
from  the  earth  and  to  solidify  as  lavas;  they  may  be  emitted  quietly 
or  with  explosive  violencCi  and  they  are  accompanied  by  gaseous  or 
Taporous  emanations,  which  either  escape  into  the  air,  are  partiaDy 
ocduded  by  the  cooling  mass,  or  condense  in  the  form  of  water. 
Ga^,  water,  mud,  and  fused  or  incandescent  rocks  are  thrown  out 
by  volcanoes,  and  many  of  the  attendant  phenomena  can  be  directly 
observed,  or  even  reproduced  in  the  laboratory.  To  the  geophysicist 
the  nature  of  the  volcanic  forces  is  a  prime  subject  of  interest;  chem- 
istiy  concerns  itself  more  with  the  nature  of  the  products,  and  the 
latter  theme  is  the  one  which  demands  attention  now. 

During  a  volcanic  eruption  the  gaseous  emanations  are  the  first 
to  appear,  and  their  evolution  continues  more  or  less  conspicuously 
until  the  discharge  ends.  Their  emission  does  not  cease  even  then, 
for  gases  are  given  off  from  the  cooling  lavas,  and  also  from  the  hot 
springs  and  solfataras  which  are  formed  in  the  course  of  the  out- 
break. These  gases  vary  much  in  character,  and  in  a  single  eruption 
they  may  present  great  differences  in  composition,  changing  from 
0ace  to  place  and  from  time  to  time.  For  analysis  they  are  com- 
BW)nly  drawn  from  vents,  crevices,  or  fiunaroles  at  different  dis- 
tances from  the  center  of  activity,  for  the  main  crater  itself  is  rarely 
,  Mcesaible  until  after  the  eruptions  have  ceased.  Furthermore,  it  is 
difficult  to  collect  the  gases  quite  free  from  admixtures  of  atmos- 
pheric air,  and  the  samples  analyzed  are  therefore,  as  a  rule,  impure. 
Still  much  is  known  concerning  them,  and  many  analyses  of  these 
^riudations  have  been  recorded. 

It  has  long  been  held  by  nearly  all  authorities  that  water  vapor  or 
steam  is  the  most  abundant  of  the  volcanic  gases.  The  statement  is 
E^Q^ttUy  accepted  that  it  forms  as  much  as  99  per  cent  of  the  entire 
6>8eous  output,  but  it  soon  condenses  to  liquid  and  is  added  or 
'tttorod  to  the  hydrosphere.     For  instance,  F.  Fouqu^,*  observing 

'  ^  A.  GeOde,  Textbook  of  geology,  4th  cd.,  p.  2C6.    I  have  not  been  able  to  And  tho  originai  source  of 
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one  of  the  many  parasitic  cones  on  Etna,  estimated  that  in  one  htm- 
ilred  days  it  discharged  vapor  equivalent  to  2,100,000  cubic  meters 
of  water,  or  462,000,000  imperial  gallons.  This  great  quantity  is 
only  a  smtdl  fraction  of  what  the  entire  volcano  must  have  annually 
omitted,  and  its  proximate  origin  may  well  be  a  subject  for  specular 
tion.  Is  the  water  originally  magmatic  or  only  of  surface  origin; 
truly  essential  or  merely  extraneous  ?  On  this  theme  there  is  active 
controversy,  w^hich  will  be  considered  in  duo  order  later. 

The  other  volcanic  gases,  the  term  *'gas*'  being  used  in  its  ordi- 
nary significance,  are  hydrogen,  oxygen,  nitrogen,  argon,  helium, 
hydrogen  sulphide,  sulphur  dioxide,  carbon  dioxide,  carbon  monoxide, 
hydroclJoric  acid,  clJorine,  methane,  hydrofluoric  acid,  and  silicon 
fluoride.*  ifany  other  substances  are  found  among  volcanic  exhalar 
tions  and  are  deposited  as  sublimates  around  vents  and  fumaroles. 
Let  us  first  consider  the  composition  of  the  true  gases,  noting  in 
advance  that  they  were  dried  before  analysis  in  order  to  eliminate 
the  excess  of  water. 

It  is  not  necessary  for  our  purposes  to  go  any  farther  back  in  time 
than  to  the  middle  of  the  last  centurj^,  when  II.  W.  Bunsen  published 
the  results  of  his  Icelandic  researches.'  From  among  his  analyses  of 
volcanic  gases  the  following  examples  are  selected : 

Analyses  of  volcanic  gases  from  Iceland, 

.'• 

A.  From  a  fumarole  in  tho  great  crater  of  Iloklo. 

B.  From  a  fumarole  in  the  lava  of  1845,  llckla. 

C.  From  the  solfatara  of  Krisuvik. 

D.  From  a  fumarolo  a  quartor  of  a  loaeuo  distant  from  Krisuvik. 

E.  From  a  ^oup  of  fumaroles  at  Rcykjalidh,  in  tho  extreme  north  of  Iceland. 
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The  water  condensed  from  the  fumaroles  of  Hekla  carried  a  littte 
hydroclJoric  acid,  but  m  amounts  too  small  for  determination. 


>  The  two  fluorine  compoimds  are  reported  by  A.  Scaochi  from  Vefiovios,  Catak)eo  del  minenU  V< 
viani,  Naples,  lii87.    See  also  E.  S.  Dana,  System  of  mineralogy,  0th  od.,  p.  169.    Aocording  to  A.  Giotl^ 
(Compt.  Rend.«  vol.  157, 1913,  p.  820),  volcanic  gases  generally  contain  fluorine compoiinds.   Inai 
Vesuvius  ho  found  0.110  milligram  of  F  per  liter.   In  a  sublimate  from  the  volcano  Chiojero, 
Islands,  A.  del  Campo  (Jour.  Chem.  Soc.,  vol.  104,  ii,  1913,  p.  145)  found  ammonium  flnoride. 

'Annaleschim.  phys.,  3dscr.,  vol.  38, 1S53,  p.  215.    For  these  analyses  and  others,  aoe  pp.  26Q-908.  AJ 
earlier,  classicalmemoir  by  &lio  de  Beaumont,  entitled  **  Emanations  volcaniques  et  mAta]Hfftre«,"appg>'^ 
Jn  Dan.  Soc.  g6o\.  Franx*,  2d  ser. ,  vol.  4, 1847,  p.  1249.    An  important  article  on  the  gases  of  the  hot  fpiiii0> 
of  Iceland  and  tlicir  raJioactlvity,  by  T.  Thorkclsson,  is  in  the  Memoirs  of  tho  Danish  Acid.  Tth  ■Wf 
vol  fi,  jffjo,  p.  isi. 
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Among  the  sublimates  formed  by  these  fumaroles,  Bunsen  noted 
Bolphur  and  Yarious  metallic  chlorides,  especially  common  salt.  One 
lablimat^y  however,  contained  81.68  per  cent  of  ammonium  chloride. 

Because  of  their  accessibility  the  Italian  volcanoes  have  been 
studied  with  peculiar  thoroughness,  and  with  regard  to  their  gaseous 
exhalations  the  data  are  most  abundant.  In  1856  C.  Sainte-Claire 
Deville  ^  published  a  description  of  the  f umaroles  f oimd  on  Vesuvius 
dnring  the  eruption  of  1855,  which  he  classified  in  the  order  of  dimin- 
idling  volcanic  intensity.    The  classes  proposed  are  as  follows: 

1.  Dry  fmiiaiolcs.  SublimateB  of  metallic  chlorideB,  with  traces  of  sulphates. 
Bonetiinea  fluoddes  are  formed,  as  observed  by  Scacchi  on  the  lava  of  1850.  These 
lanroleB  are  emitted  directly  from  incandescent  lava,  and  the  subliming  vapors  are 
■ii0d  with  a  gas  which  is  essentially  atmospheric  air.  A  special  group  of  dry  fuma- 
BDles  emit  ammonium  chloride. 

2.  Add  fumaroles.  "Water  vapor,  mixed  with  hydrochloric  and  sulphurous  acids. 
Goouionly  accompanied  by  chlorides  of  iron  and  copper,  which  are  deposited  around 
te  rents.  The  vents  occur  on  lava,  either  in  the  main  crater  or  along  the  fissure  of 
mpdon.    The  hydrochloric  acid  is  very  largely  in  excess  of  the  sulphurous. 

3.  Fumaroles  emitting  water  vapor  containing  hydrogen  sulphide  or  free  sulphur. 
Their  temperature  rarely  exceeds  80^. 

I    4.  Hofettes.    Emissions  of  water  vapor  with  carbon  dioxide.    These  appear  where 
ft0  volcanic  intensity  has  become  very  slight, 
i    5.  Fumaroles  emitting  water  vapor  alone. 

I  ■  Although^  as  we  shall  see  later,  this  classification  is  incomplete,  it 
MTves  a  iiseful  purpose  in  giving  a  rough  outline  of  the  phenomena. 
At  the  point  of  greatest  activity  dry  vapors  appear;  farther  away, 
er  as  cooling  progresses,  acids  are  formed,  and  emanations  of  carbon 
dioxide  mark  the  dying  out  of  the  volcanic  energy.  But  there  are 
fumaroles,  like  some  of  those  in  Iceland,  which  do  not  fall  in  any 
<Ae  of  these  classes. 

hi  1858  C.  Sainte-Claire  Deville  and  F.  Leblanc  *  published  their 

analyses  of  volcanic  gases,  not  only  from  Vesuvius,  but  also  from 

Vulouio,  Etna,  and  other  localities.    A  fumarole  in  the  crater  of 

Vflsavius,  emitting  a  gas  of  extremely  suffocating  odor,  yielded  hydro- 

ddoric  acid  and  sulphur  dioxide  in  the  ratio  of  86.2  :  13.8.     The 

Wk  of  the  gas,  after  removal  of  these  substances  and  water,  was 

ittentially  atmospheric  air  slightly  impoverished  in  oxygen.     Other 

Tcnvian  fumaroles  also  emitted  similar  air,  with  small  but  vari- 

laUe  admixtures  of  sulphiur  dioxide,  hydrogen  sulphide,  and  carbon 

jfioxide.    Sulphur  dioxide  and  carbon  dioxide,  however,  were  mutu- 

•By  exclusive  and  never  occurred  together.     The  emanations  from 

^bia  resembled  those  from  Vesuvius. 

1  Bon.  Soc  g6ol.  Prance,  2d  ecr.,  vol.  13, 1855^,  p.  COC;  vol.  14, 1856-57,  p.  254. 
*  Ajmales  obim.  phya.,  3d  ser.,  toI.  52, 1858,  p.  5. 

118750'— 19— Bull.  695 17 
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At  Vulcano  Devillo  aiid  Leblauc  mado  a  number  of  strikiiig  obser- 
vations, which  nro  well  illustrated  by  the  following  selected  analyses: 

- 1  nahjsem  of  gases  frovi  Vu  Icano . 

A.  Gas  from  Ihc  aatcr  iysuing  ut  a  tcmperatore  above  the  zneltiag  point  of  lead.    This  himarolo  deposits 
boric  add.    The  gas  was  collected  from  a  Tcnt  whicb  emitted  flames. 

B.  A  gas  similar  to  the  foregoing,  liut  not  aooompaoled  by  borio  acid. 

C.  Siiipiiurous  fumarolo  from  the  north  flank  of  Vulcano. 

D.  Gas  from  a  ca\ity,  filled  with  hot  water,  known  as  * '  Aoqna-BoOeote, "  and  situated  near  the  seashore. 

E.  Gas  from  depressions  still  farther  from  the  crater,  collected  over  water  having  a  temperatoro  of  25*  C. 


COj. 

of: 


A 


None. 
39.13 


10.10 
50.77 


100.00 


\i 


None. 
27.50 


14.02 

58.48 


100.00 


None. 
69i6 


5.5 
24.9 


100.0 


D 


6.4 

83.1 

.7 

0.8 


100.0 


r. 


86.0 


None.    - 

KO    i 
i 

i 


100.0 


These  analyses  show  very  well  the  progressive  change  in  the  fuma- 
roles  as  they  recede  from  the  eruptive  center.  At  the  end  of  their 
memoir  Deville  and  Loblanc  give  analyses  of  gases  emitted  from 
various  springs  in  Sicily  which  have  some  relations  to  the  volcanic 
activity  of  Etna.  Some  of  them  give  ofiF  mainly  carbon  dioxide; 
others  yield  methane,  CH4,  in  considerable  quantities.  A  few  analyses 
will  illustrate  the  character  of  these  exhalations. 

Analitses  of  gases  from  Sicilian  springs, 

A.  From  the  Lake  of  Palicf.    B.  From  the  Salinelle  of  Tatemo.    C.  From  the  Ifacaluba  de  XfrU. 
D.  From  the  Macaluba  de  Gfrgenli. 


CO3 

n'  ' 


A 

B 

(" 

94.70 

1.10 

3.52 

.68 

911.7 
1.0 

as 

5.0 

a  70 

5.17 
20.40 
73.78 

loaoo 

100.0 

100.00 

p 


1.16 

170 

6.75 

9a  40 


100.00- 


The  conchision  finally  stated  by  Deville  and  Leblanc  is  as  foDowsi 
The  nature  of  the  emanations  from  a  given  point  varies  with^jhe  timo 
which  has  elapsed  since  the  beginning  of  the  eruption;  thefumaroles 
at  different  points  vary  with  their  distance  from  the  volcanic  center. 
In  both  cases  the  order  of  variation  is  the  same 

In  1865  F.  Fouqufi  *  studied  the  Italian  field  with  special  reference 
to  the  exhaled  gases.  In  the  crater  of  Vulcano  be  examined  three 
fumaroles,  at  different  temperatures,  with  results  as  follows: 

»  Compt.  Hend.,  vol.  61, 1865,  pp.  210,  421, 661, 754. 
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Analyses  of  gases  from  JitmnToU^^  Vulcaiio. 
ibove  330*.    B.  Tompcnture  250'.    C.  Temperature  150". 


HCH-SO2 

00 


A 

B 

73.80 

23.40 

.52 

2.28 

66.00' 

22.00 

2.40 

9.60 

100.00 

100.00 

27.19 

59.62 

2.20 

10.99 


100.00 


In  these  gases  the  hydrochloric  acid  was  most  abundant,  the  sul- 
phur dioxide  being  ahnost  negligible.  Around  the  vents  realgar, 
ferric  chloride,  and  ammonium  chloride  were  deposited.  Another 
group  of  fumaroles,  at  a  temperature  of  100°,  gave  deposits  of  sul- 
phur, sometimes  with  and  sometimes  without  boric  acid.  Their 
eomposition  is  given  below,  under  D  and  E. 


Anahfscs  of  gases  from  fumaroles  y  Vulmno. 


1 

E 

la 

7.3 
10.7 
68.8 

2.7 
11.2 

None. 
Trace. 

63.  59 
7.28 

29.13 

H^ 

17.55 

8fc . 

77.02 

a':.;;  

.70 

£..       

4.73 

"1 

*•  *  •' 

a  100.  7 

100.00 

100.00 

a  This  sumniati<m  suggests  a  mispzint  somewhere  in  the  original  column  of  figures. 

Analysis  F  represents  gas  from  the  fumarole  known  as  ''Acqua- 
BoUente/'  which  was  examined  by  DeviUe  and  Leblanc  nine  years 
eailier.  ITie  loss  of  hydrogen  sulphide  and  the  gain  of  carbon 
dioxide  during  that  period  are  most  striking  and  show  a  decrease  of 
Yolcanic  activity.^  The  temperatmre  of  the  fumarole  is  given  as 
86^  C.  Fouqufi's  analyses  of  gases  from  two  small  solfataras  at 
PozzQoli,  near  Vesuvius,  also  indicate  a  relationship  between  compo- 
sition and  temperature. 

Analyses  of  gases  from  Pozziioli. 


k 


G  (tempcm- 
ture  9u'). 


H  (tempera- 
ture 77.5*). 


11.43 

56.67 

5.72 

26.18 


100.00 


None. 
15.09 
15.  51 
69.40 


100.00 


c:aie 


by  I>«Yille»  Compt.  Bend.,  toL  61, 1865^  p.  567.   For  recent  analyses  ot  giBiseA  icom\\x3&axi^t\- 
B.  NaiH  7.  ADdM(ii4  and  12.  StlvadGri*  Qass.  chim.  llaln  v^^*  1^ 
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An  elaborate  examination  of  the  gases  emitted  by  Etna  during  sev- 
eral eruptions  led  O.  Silvestri  ^  to  conclusions  much  like  those  reached 
by  Deville  and  Leblanc,  and  he  describes  fumaroles  of  several  classes, 
representing  a  progressive  diminution  of  volcanic  intensity.  The 
data  may  be  briefly  siunmarized  as  follows: 

1.  The  fresh,  still  flowing  lava  acts  like  one  great  fumarole,  and  emits  from  its  sur- 
face white  fumes.  These  are  partly  condemdble,  yielding  a  solid  saline  residue  and 
a  small  amount  of  liquid  containing  free  hydrochloric  and  sulphurous  acids.  The 
incondensible  gas,  as  in  the  cases  previously  noted,  is  essentially  atmospheric  air 
slightly  deficient  in  oxygen.  One  sample,  upon  analysis,  gave  O,,  18.79  per  cent; 
Nj,  81.21  per  cent.  The  white  residue  contained  chiefly  sodium  chloride  and  car- 
bonate, and  three  deposits  collected  from  the  surface  of  the  lava  had  the  composition 
shown  in  the  subjoined  table.  As  the  lava  cools,  the  exhalations  become  localized 
and  change  their  character  with  decreasing  temperature. 

Analyses  of  deposits  from  surface  of  lava. 


NaCl.. 
KCL... 
NajCO, 
Na^SO^ 
HjO... 


50.19 

.50 

11.12 

1.13 

30.76 


100.00 


63.02 

.27 

6.49 

Trace. 

30.22 


100.00 


76. 01 

.03 

2.11 

.76 

21.10 


100.00 


Tn  some  cases  the  fumes  also  contain  copper  chloride,  which  forms,  on  the  lava, 
deposits  of  atacamite  and  tenorite,  the  latter,  obviously,  by  oxidation. 

2.  Ammonium-chloride  fumaroles,  which  are  divided  into  two  subclasses.  Firet, 
acid  fumaroles,  which  form  mostly  upon  the  terminal  walls  of  the  lava  stream  and 
emit  much  hydrochloric  acid.  They  also  contain  ferric  chloride,  which  ia  partly  con- ' 
densed  as  such  and  partly  oxidized  to  hematite.  As  the  temperature  falls  they 
develop  hydrogen  sulphide  and  deposit  crystals  of  sulphur.  Second,  alkaline  fuma- 
roles, which  are  free  from  hydrochloric  acid  and  ferric  chloride  and  deposit  only 
ammonium  chloride.  They  represent  a  lower  temperature  than  the  acid  type.  The 
gaseous  portion  of  these  exhalations,  acid  or  alkaline,  is  still  essentially  air,  contain- 
ing from  81.19  to  84.17  per  cent  of  nitrogen. 

3.  Water  fumaroles,  which  give  off  only  water  vapor,  mixed  with  impoverished  air. 
Temperature  relatively  low. 

4.  Fumaroles  emitting  water  vapor  and  carbon  dioxide,  the  last  phase  of  activity. 
The  gases  from  two  of  three  fumaroles  in  the  crater  of  Etna,  analyzed  by  Silvestri, 
had  the  following  composition: 

Analyses  of  fumarole  gases  from  Mount  Etna, 


c6o 
H3S 


77.28 

17.27 

5.00 

.45 


79.07 

18.97 

1.61 

.35 


100.00 


1 1  fenomenl  vulcanici  presontati  dell'  Etna,  etc.,  Catania,  1867.  The  data  here  given  are  firom  an  cbstivot 
by  0.  Tom  Kath,  Neues  Jahrb.,  1870,  pp.  51, 257.  Bee  also  the  great  monograph,  "Der  Aetna,''  by  Sarto- 
nus  yon  Waltcrshamen  and  A.  von  Lasaulx,  2  vols.,  Leipxlg,  1880.  On  the  eihalatiflns  of  Etna  see  atoo 
I.  Q.  Ponte,  Atti  R.  aooad.  Lincei,  vol.  23,  pU  2,  ISll.  p.  BiL 
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AltiiGiigh  the  observations  made  by  T.  Wolf  ^  at  Cotopaxi  were 
only  qualitativei  they  confirm  the  belief  that  a  r^ular  order  exists 
m  the  composition  of  volcanic  exhalations.  Near  the  crater  the  fumes 
of  hydrochloric  acid  were  overwhelming  and  there  was  a  suspicion 
of  free  chlorine.  At  lower  levels  on  the  moimtain  hydrogen  sulphide 
was  recognized,  and  occasionally  snlphur  dioxide.  The  order,  so  far 
as  it  was  studied,  is  the  same  as  that  noted  in  the  volcanoes  of  the 
Mediterranean. 

In  his  great  monograph  on  the  volcanic  eruptions  of  Santorin,* 
F.  Fonqu£  discusses  at  some  length  the  gaseous  emanations,  in  which, 
as  m  the  Icelandic  craters,  free  hydrogen  appeared,  and  also  small 
quantities  of  hydrocarbons.  The  great  eruption  of  Nea  Kamfini,  one 
of  the  islands  of  the  archipelago,  began  in  January,  1866,  and  some 
of  the  gases  analyzed  were  collected  in  March.  For  the  first  time 
hydrogen  and  marsh  gas  were  taken  from  an  active  volcano  in  the 
presence  of  true  volcanic  flames,  and  it  was  showTi  beyond  reasonable 
doubt  that  in  the  central  fires  water  had  been  dissociated  into  its 
dements.  Ordinarily  the  combustible  gases  are  burned  as  soon  as 
they  reach  the  air,  but  the  peculiar  conditions  prevailing  at  Santorin 
permitted  their  accumulation  unchanged  and  rendered  their  complete 
identification  possible.  The  subjoined  analyses  represent  mixtures 
containing  gases  of  this  class: 

Analyses  of  volcanic  gases  from  Santorin. 

A.  Gas  oolkcted  on  Nea  KamAni,  March  17, 1866,  from  the  surface  of  sulphurous  water  in  a  fissure  bo- 
t«H&  Giargios  and  Aphroeasa,  temperature  78**.    Three  other  similar  analyses  are  tabulated  with  this. 

B.  From  the  same  fissure  on  Nea  Kamdni,  temperature  69**.    Collected  March  25, 1866. 

C.  Ots  collected  March  7,  1867,  over  sea  water,  near  the  end  of  a  still  incandescent  lava  stream 

D.  Ooomenoe  similar  to  C,  but  from  a  difl^erent  stream.    Taken  March  5, 1867. 


A 

D 

C 

D 

H^... 

Trace. 

30.42 

29.43 

.86 

•     .32 

32.97 

Trace. 

50.41 

16.12 

2.95 

.20 

30.32 

CO,....:: ::....:::::::::::::::::. 

0.22 

56.70 

.07 

21.11 

21.90 

None 

L.....::      :::::.:.:.:.:::::::::.:::: 

1  94 

ca,... 

1.00 

€...:. ■ 

a24  94 

k;...:: :::::: 

72  12 

100.00 

100.00 

100.00 

100.00 

•  25.94  in  table,  but  corrected  in  list  of  errata  at  the  end  of  the  volume. 

Gas  C  was  a  true  explosive  mixture,  which  detonated  violently  upon 
intact  with  a  flame.  In  collecting  it  special  care  was  taken  to  avoid 
an  admixture  of  air;  its  oxygen,  therefore,  is  not  from  extraneous 
**nrces.  It  is  possible,  however,  that  both  the  oxygen  and  the  hydro- 
8*1  in  this  instance  came  from  the  decomposition  of  sea  water  in 
^tact  with  hot  lava,  although  Fouqu6  believed  that  thoy  were  pros- 


1  Neoes  Jahrb.,  I87fi,  p.  163. 


*  Santorin  ot  scs  Eruptions,  Paris,  \%1^ 
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ent  in  the  molten  stream.  In  1866  the  largest  proportions  of  hydrogen 
were  found  in  gases  taken  from  the  principal  fissures  of  the  eruption, 
and  thoy  diminished  in  quantity  with  the  distance  of  their  points  of 
issue  from  the  focus  of  activity.  A  precisely  similar  diminution 
follows  the  lapse  of  time,  as  shown  by  analjrses  A  and  B  of  gases  from 
the  same  locality,  but  collected  eight  days  apart. 

Gases  collected  in  May,  1866,  and  soine  taken  at  greater  distances 
from  the  center  of  eruption  consisted  either  of  carbon  dioxide  or  of 
atmospheric  air  which  had  been  entangled  in  the  lavas.  Some  were 
heavily  loaded  with  water  vapor,  which,  when  condensed  and  oxi- 
dized by  nitric  acid,  gave  a  solution  containing  hydrochloric  and 
sulphuric  acids,  the  former,  as  in  the  instances  previously  cited,  being 
largely  in  excess  of  the  latter.  Several  of  the  dried  gases  had  the 
composition  shown  in  the  subjoined  table. 

Analyses  of  volcanic  gasfsfrom  Santorin 

A.  Gas  taken  May  4,  isr4},  from  the  bottom  of  a  fissure  on  Xca  Kam^I.    Collected  over  sulphurous  water, 
at  temperature  56*. 

B.  Collected  May  12, 1S66,  at  the  foot  of  the  cone  Giorgios,  from  a  small  fumarole  surrounded  by  crystals 
of  sulphur.    Temperature  87*. 

C.  Like  B  and  near  it,  the  sulphur  partly  crystallixed  and  partly  fused.    Temperature  122*. 

D.  Gas  from  periphery  of  eruptive  field,  March,  1867. 

E.  Gas  collected  near  the  port  of  8t.  George  of  Nea  Kamdni,  March  9, 1S67. 


A 

B 

C 

D 

E* 

HaS 

Trace. 

95.37 

.49 

4.14 

0.42 

5.88 

18.99 

74.71 

0.90 
12.24 
16.41 
70.45 

CO, 

None. 
20.62 
79.38 

OD.  Do 

0, 

1.84 

n1 

41.41 

CH^ 

.12 

100.00 

100.00 

100.00 

100.00 

100.00 

These  analyses  all  tell  the  same  story  as  that  given  by  the  Italian 
investigations;  carbon  dioxide  appears  as  the  volcanic  intensity  dies 
away;  only  at  Santorin  the  maximum  of  activity  is  represented  by 
hydrogen,  and  the  acid  products  were  less  completely  examined. 

For  other  volcanic  regions  the  data  relative  to  gaseous  exhalations 
are  not  so  complete.  Three  analyses  by  H.  Moissan  *  of  gases  from 
'  West  Indian  f umaroles  are,  however,  especially  interesting  on  accoimt 
of  the  determinations  of  argon.^    The  analyses  are  as  follows : 

1  Compt.  Rend.,  vol.  135, 1902,  p.  1085;  vol.  138, 1901,  p.  93G.  For  details  relative  to  these  fumnroles  and 
other  volcanic  emanations,  see  the  monographs  by  A.  Lacrolz,  La  Montagne  I'elOe  ct  ses  Eruptions,  Taris, 
1904.  F.  Fouqu^,  Compt.  Rend.,  vol.  GC,  1868,  p.  915,  analyzed  gases  from  a  submarine  eniption  near  the 
Azores.  H.  Gorcclz  (idem,  vol.  75^  1873,  pp.  154, 270;  vol.  78, 1874,  p.  1309)  examined  gases  from  Vesuvius, 
Santorin,  and  Kisyros;  gases  from  St.  Paul  Island  were  studied  by  C.  Velatn,  idem,  vol.  81,  1872,  p.  332. 
A  paper  by  W.  Hempel  on  volcanic  gases  is  in  Zeitschr.  VuQcanolo^e,  vol.  1. 1914,  p.  153. 

s  A  rgon  and  helium  have  been  detected  in  the  gases  from  the  boric  fumaroles  of  Tuscany  by  C.  rorlezzs 
and  G.  Norzi,  Atti  R.  accad.  Lined,  vol.  20, 1911,  p.  338. 
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Analyses  of  gases  from  West  Indian  finnaroks, 

L  Ttoa  a  fnniaroto  on  Mont  Pel^,  Martinique.  Gas  collected  by  Lacrolx  aft^r  the  great  eruption  of 
Hay,19QS.  Temperature  about  •100  \  Gas  at  first  saturated  vith  steam.  Around  this  vent  ammonium 
ehloride  ind  snlphor  were  deposited. 

B.  Fran  the  Fumarole  du  Nord,  Guadeloupe. 

C  Ftomthe  Fumarole  Napoleon,  Guadeloupe. 

(hscs  A  tad  D,  provtous  to  analysis,  were  both  saturated  with  i^-ater. 


CO..... 

co:.... 

CEL 

h:::: 

m 

H^ 

8,  ^ipor. 


15.38 

1.60 

5.46 

8.12 

13.67 

54.94 

.71 

Trace. 


Trace. 


99.88 


52.8 
None. 
None. 
None. 
7.5 
36.07 
.73 
Trace. 
2.7 
Trace. 


99.80 


69.5 
None. 
None. 
None. 
2.7 
22.32 
.68 
None. 
4.5 
Trace. 


99.  70 


Here  the  recent  gas  is  noticeably  charged  with  combustible  sub- 
stances, the  lower  activity  of  Guadeloupe  bemg  shown  by  their 
absence  and  by  the  larger  quantities  of  carbon  dioxide.  Carbon  mon- 
oxide appears  in  the  Mont  Pel6e  emanation,  which  emphasizes  the 
observations  made  by  W.  Libbey  *  on  Kilauea.  He,  by  spectroscopic 
study  of  the  volcanic  flames,  found  that  hydrogen,  carbon  monoxide, 
and  hydrocarbons  were  probably  present.  Hydrogen  had  been  simi- 
*riy  observed  by  J.  Janssen  *  much  earlier — ^namely,  in  volcanic 
flames  at  Santorin  in  1867,  and  at  Kilauea  in  1883.  The  spectral  lines 
ofsoditim,  copper,  chlorine,  and  carbon  compounds  were  also  seen. 

Much  more  fundamental  work  on  Kjlauea  was  done  by  A.  L.  Day 
*ndE.  S.  Shepherd,*  who  spent  several  months  on  the  volcano  during 
1912.  They  not  only  determined  the  temperature  of  the  molten  lava 
fa  situ,  but  also  collected  the  volcanic  gases  directly  from  an  active 
«Mie.  An  iron  tube  was  passed  through  the  thin  wall  of  the  cone  into 
tie  liquid  lava,  and  connected  externally  with  a  train  of  glass  tubes 
ftiough  which  the  gases  were  drawn  by  pumping.  In  the  tubes  at  the 
"ginning  of  the  train  300  cubic  centimeters  of  water  were  condensed 
ni  about  15  minutes;  this  water  and  the  attendant  gases  were  after- 
ward analyzed.  The  water  contained  various  saline  substances, 
Partly  perhaps  derived  from  the  glass,  but  notable  quantities  of 
fcorine,  chlorine,  and  sulphiu*  dioxide  wore  also  detorminod.     The 

'An.  Jour.  Sci.,  3d  ser.,  vol.  47, 18M,  p.  372. 

*CoBpt.  Rend.,  vol.  64, 1867,  p.  1303;  vol.  97, 1883,  p.  601. 

•Bttfl.  GmL  Soc  AiDerica,  vol.  24, 1913,  p.  573.     See  rejoinder  by  Brun,  Arch.  sci.  phys.  nal.,  4th  ser.. 
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dried  gases  from  five  of  the  tubes  had  the  following  composition  by 
volume : 

Analyses  of  gases  from  KiUxuea. 


C02 

23.8 
5.6 
7.2 

63.3 
None. 

58.0 

3.9 

.       6.7 

29.8 

1.5 

62.3 

3.5 

7.5 

13.8 

12.8 

59.2 
4.6 
7.0 

29.2 
None. 

73.9 

CO 

4.0 

H- 

10.2 

•**3*  ••••••••••••••••••••••••••••••••••• 

N- 

11.8 

SO, 

None. 

K^'VJ**     ••••     .•••••.••••.     ■■....     •■••••     .••• 

99.9 

99.9 

99.9 

100.0 

99.9 

No  chlorine  was  found  in  these  gases  and  no  argon,  the  latter  fact 
proving  that  there  was  no  admixture  of  atmospheric  air.  The  gases 
were  truly  magmatic.  The  significance  of  these  observations  will 
appear  later  in  relation  to  the  researches  of  Brun.  The  abundance  of 
water  in  the  molten  lava  was  definitely  estabhshed. 

SUBUMATES. 

It  has  already  been  remarked  that  the  gases  issuing  from  a  volcano 
are  often  if  not  always  accompanied  by  substances  which  are  gaseous 
only  at  high  temperatures  and  are  deposit  ed,  upon  cooling,  in  sohd 
form.  These  sublimates,  as  they  are  called,  are  of  many  different 
kinds,  and  it  is  sometimes  difficult  to  determine  whether  a  given 
example  is  a  true  sublimation  or  is  produced  by  secondary  changes. 
To  discriminate  between  the  products  of  direct  condensation  from 
vapor  and  substances  due  to  the  action  of  the  gases  upon  lava  is  not 
always  easy.  Some  of  the  so-called  sublimates  are  nonexistent  at 
high  temperatures,  and  are  formed  only  upon  cooling;*  others  result 
from  decompositions  of  volatile  matter;  and  still  others  are  generated 
by  reactions  between  different  gases.  For  example,  sulphur  may  be 
directly  sublimed;  it  may  be  formed  by  the  decomposition  of  hydro- 
gen sulphide  or  by  the  partial  oxidation  of  that  compound ;  and  it  is 
precipitated  from  mixtures  of  hydrogen  sulphide  and  sulphur  dioxide, 
two  compounds  which  can  not  exist  together.  When  they  are  com- 
mingled, sulphur  is  set  free.  By  either  of  these  processes  volcanic 
sulphur  can  be  deposited;  but  only  the  first  is  strictly  a  sublimation; 
that  is,  the  volatilization  and  recondensation  of  a  substance  without 
chemical  change.  It  is  perhaps  permissible,  however,  to  use  the  term 
sublimate  a  little  more  loosely,  for  rigidly  accurate  discrimination  is 
not  practicable  in  the  present  instance.  Any  solid,  then,  depos- 
ited by  or  from  volcanic  gases,  may  be  regarded  conventionally  as  a 
sublimate.' 

>  For  example,  ammonium  chloride,  which  when  vapoi'Ized  is  dissociated  into  NHrf  HCl. 

>  On  the  conditions  under  which  different  modifications  of  sulphur  are  deposited  around  volcanoes  see 
A.  Brun,  Chem.  Zeitung,  No.  15, 1900.  Brun  holds  that  the  HsS,  SO)  reaction  does  not  take  Thxc^  in  solfa- 
taras;  but  Y.  Oinouye  (Jour.  Qeol<^y,  vol.  24, 1916,  p.  S06),has  described  a  solfataric  crater  lake  on  one  of 
the  Kurile  Islands,  in  Which,  by  this  process,  sulphur  is  deposited  in  large  quantities. 


VOLCANIC   GASES  AND  SUBLIMATES.  265 

The  most  conspicuous  of  all  the  volcanic  sublimation  products  is 
undoubtedly  native  sulphur.  It  is  found  in  or  near  all  active  volcanic 
craters,  and  it  often  contains  appreciable  quantities  of  selenium,  as 
in  the  well-known  selensulphur  of  the  Lipari  Islands.  Tellurium  has 
been  found  in  Japanese  sulphur/  to  the  extent  of  0.17  per  cent;  and 
A.  Cossa  '  reports  it  as  present  in  some  of  the  soluble  salts  which  are 
formed  stalactitically  in  the  crater  of  Vulcano.  The  last-named 
locality  has  been  studied  with  more  than  ordinary  thoroughness,  and 
among  its  fumarole  deposits,  which  are  partly  sublimates  and  partly 
secondary  products,  A.  Bergeat '  names  realgar,  boric  acid,  sodium 
chloride,  ammonium  chloride,*  ferric  chloride,  glauberite,  lithium 
sulphate,  sodium  sulphate,  alum,*  hieratite,®  and  compounds  of  cobalt, 
zinc,  tin,  bismuth,  lead,  copper,  and  phosphorus.  The  chlorides 
named  in  this  list  are  commonly  foimd  in  volcanic  craters,  and  the 
chlorides  of  potassium,  calcium,  magnesium,  ferrous  iron,  manganese, 
lead,  and  aluminum  have  also  been  observed. 

At  Vesuvius  A.  Lacroix'  found  Iprge  crystals  of  potassium  chloride 
and  other  crystals  consisting  of  a  double  chloride  of  potassium  and 
manganese.  Mixed  chlorides  of  sodium  and  potassium  are  reported 
by  E.  Casoria*  and  G.  Freda.®  These  salts,  however,  are  interpreted 
by  F.  Henrich  *®  as  secondary,  formed  by  the  action  of  moisture  and 
hydrochloric  acid  on  the  alkaline  silicates  of  the  heated  lavas.  From 
ferric  chloride  the  rare  minerals  kremersite,  KNH4FeCl5.H30,  and 
erythrosiderite,  ELjFeClg,  are  derived,  and  also  hematite;  while  copper 
chloride  yields  the  oxide,  tenorite;  chlorothionite,  K2SO4.CUCI3;  dole- 
rophanite,  CujSOg;  and  cyanochroite,  KjCu (804)2. CHjO;  wi^'h  some 
hydrous  chlorides  and  oxychlorides.  Even  manganese  is  foimd  in 
the  mineral  chlormanganokalite,  K^MnCl^,  discovered  by  H.  J. 
Johnston-Lavis."  The  simple  anhydrous  chlorides  are  the  true  sub- 
limates; the  other  compounds  are  generated  from  them  by  secondary 
reactions.  From  the  fluorine  gases  we  get  hieratite,  ammonium 
silicofluoride,  rarely  fluorspar,  and  the  oxyfluoride  of  calcium  and 
magnesium,  nocerite.     Most  of  these  substances  were  first  described 

»  E.  Divers  and  T.  Shimidru,  Chem.  News,  vol.  48, 1883,  p.  284. 

«  Zeitschr.  anorg.  Chemie,  vol.  17, 1898,  p.  205. 

>  Die  Aeolischen  Inseln:  Abhandl.  Math.-phys.  Classe,  K.  baycr.  Akad.,  vol.  20,  Abth.  1, 1899,  p.  193. 

•  Containing,  according  to  Deville  and  I/eblanc  (Annales  chim.  phys.,  3d  ser.,  vol.  52, 1858,  p.  5),  also 
iodide. 

•  Potash  alum,  containing  cnpsium,  rubidium,  and  thallium.  A,  Cossa,  Atti  R.  accad.  Linoei,  1878,  pt, 
2,  p.  34. 

•  Potassium  silicofluoride,  KtSiF«.    A.  Cossa,  Compt.  Rend.,  vol.  94, 1882,  p.  457. 

»  Compt.  Rend.,  vol.  142, 1900,  p.  1249.  See  also  H.  J.  Johnston-Lavls,  Nature,  May  31, 1906.  In  Bull. 
Soc.  min.,  vol.  30, 1907,  p.  219,  I.acroix  has  described  the  minerals  of  the  Vesuvlan  fumaroles  In  consid- 
erable detail. 

•  Abstract  in  Zeitschr.  Kryst.  Min. ,  vol.  41 ,  1906,  p.  276.  Casoria  found  molybdenum,  bismuth,  copper, 
and  zinc  in  Vesuvian  salts.  The  presence  of  boron,  lithium,  lead,  and  thallium  in  volcanic  exhalations  lias 
been  described  by  A.  Brun,  Arch.  sci.  phys.  nat.,  4th  ser.,  vol.  44, 1917,  p.  5. 

•  Gazz.  chim.  ital.,  vol.  19, 1888,  p.  16. 

M  Zeitschr.  angew.  Chemie,  vol.  19, 1906,  p.  326;  vol.  20, 1907,  p.  179. 
u  ICineralog.  Mag.,  vol.  15, 1908,  p.  54. 
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from  VesuviuSi  and  we  owe  our  knowledge  of  them  to  the  indefatigable 
labors  of  A.  Scacchi,  who  has  also  described  many  sulphates,  simple, 
double,  or  basic,  which  are  formed  by  the  action  of  solf ataric  vapors 
upon  the  surrounding  rocks.  Similar  sulphates,  of  sodium,  potassium, 
calcium,  magnesium,  and  aluminum,  were  found  by  A#  Lacroix^ 
among  the  fumarole  products  of  Mont  Pelte.  Sodium  carbonate  is 
also  produced  in  a  secondary  way.  The  sublimates  from  the  volcano 
Quetzaltepec,  San  Salifador,  also  described  by  Lacroix,'  consist 
largely  of  ammonium  sulphate  and  chloride,  with  a  little  sodium 
chloride.  An  incrustation  6n  volcanic  ash  collected  by  E.  T.  Allen' 
on  che  top  of  Lassen  Peak,  California,  consisted  mainly  of  sulphates 
with  about  9  per  cent  of  pentathionates  and  perhaps  a  little  tetra- 
thionate.  The  formation  of  these  salts  must  have  been  due  to  the 
well-known  reaction  between  H^S  and  SO,,  which  yields  the  cor- 
responding acids.  Silver  was  discovered  by  J.  W.  Mallet*  in  volcanic 
ash  from  Cotopaxi  and  Tunguragua;  and  it  is  quite  probable  that 
this  metal,  which  volatilizes  readily,  was  ejected  as  vapor.  Silver 
begins  to  vaporize  not  much  above  its  melting  point,  and  at  the  tem- 
perature of  the  oxyhydrogen  flame  it  can  be  distilled  easily.  Sul- 
phides have  been  found  as  sublimation  products  at  Vesuvius,  formed 
perhaps  by  the  action  of  hydrogen  sulphide  upon  volatilized  metallic 
chlorides.  A.  Lacroix^  and  F.  Zambonini®  both  report  galena 
among  the  substances  produced  during  the  eruption  of  April,  1906, 
and  Lacroix  mentions  pyrite  and  pyrrhotite  also. 

At  the  volcano  La  Sufral  in  Colombia  the  sulphur  subhmed  in  the 
steam  which  periodically  fills  the  crater  contains  gold.^ 

The  ammonium  salts  found  in  volcatoic  emanations  were  partially 
considered  in  the  preceding  pages.  They  are  veiy  common,  but  their 
significance  has  been  variously  interpreted.  Some  writers  have 
argued  that  their  nitrogen  is  derived  from  organic  matter,  such  as 
vegetation,  with  which  the  flowing  lava  has  come  into  contact — an 
opinion  which  is  not  well  sustained.  O.  Silvestri,®  in  1875,  found 
silvery  incrustations  of  an  iron  nitride,  Fe^Na,  on  an  Etna  lava,  and 
conducted  a  series  of  experiments  to  determine  its  origin.  Fragments 
of  lava  were  first  heated  in  gaseous  hydrochloric  acid,  when  water 
was  expelled,  silica  was  liberated,  and  chlorides  of  iron  were  formed. 

1  Bull.  Soc.  min.,  vol.  28, 1905,  p.  60.  LacroLx  (Compt.  Rend.,  vol.  144, 1907,  p.  1397)  has  also  discov- 
ered a  double  sulphate  of  potassium  and  lead  among  the  fUmaroIe  products  of  Vesuvius.  This  new 
mhieral  is  named  palmiorite. 

«  Compt.  Rend.,  vol.  165, 1917,  p.  1077. 

•  Private  communication.    Ct  also  J.  S.  Haclaurin,  ante,  p. .  195. 
« Proc  Roy.  Soc,  vol.  42, 1887,  p.  1;  vol.  47, 188^-90,  p.  277. 

•  Compt.  Rend. ,  vol.  143, 1906,  p.  727. 

•  Idem,  p.  921.  In  Zambonini's  great  monograph,  Mineralogia  Vesnviana,  published  by  the  Naples 
Academy  in  1910,  full  details  are  given  of  each  species  found  at  Vesuvius,  together  with  thorough  biblio- 
graphic  references.  On  the  minerals  and  sublimates  of  Vulcano,  see  O.  de  Fiore,  Zeitschr.  Vulkanologie, 
vol  2, 1915,  p.  12,  and  U.  Paniche,  Hem.  Soc  ital.  scienze,  flz.  e  nat.,  vol.  19, 1916,  p.  3. 

r  See  W.  H.  Ooodchild,  Mining  Hag.,  Oot^  1918. 

I  Gazz.  chim.  ital.,  vol.  5, 1875,  p.  901;  Pogg.  Annalen,  vol.  157, 1876,  p.  165.  Silvestri's  results  have  t>een 
questioned  and  need  confirmation. 
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Subsequent  heating  of  the  mass  in  a  stream  of  ammonia  formed 
hydrochloric  acid  again,  together  with  ammonium  chloride,  hydrogen, 
and  a  nitride  of  iron.  Ammoninm  chloride,  acting  on  lava  at  a  red 
heat,  gave  similar  products.  Ammonia  alone,  passed  over  heated 
lava,  was  decomposed,  yielding  a  gas  containing  90  per  cent  of  hydro- 
gen, while  a  large  part  of  its  nitrogen  was  absorbed. 

On  the  other  hand,  it  is  well  known  that  when  metallic  nitrides  are 
heated  in  steam,  ammonia  is  formed.  We  have,  therefore,  something 
like  a  group  of  reversible  reactions  to  deal  with,  not  strictly  reversible 
perhaps,  but  of  such  a  character  as  to  render  it  uncertain  which  com- 
pound, nitride  or  ammonia,  existed  first.  Either  substance  can  be 
generated  from  the  other.  J.  Stoklasa,*  however,  regards  it  as  pos- 
sible that  nitrides,  formed  deep  within  the  earth,  are  the  initial  com- 
pounds. At  all  events,  he  has  clearly  shown  that  the  nitrogen  of  lava 
is  an  original  constituent,  and  not  of  organic  origin.  In  all  of  the 
lavas  ejected  by  Vesuvius  during  the  eruption  of  1906  ammonium 
compounds  were  found,  the  largest  amount,  300  milligrams  of  NH, 
per  kilogram,  being  extracted  from  an  olivine  bomb.  The  water- 
soluble  portion  of  the  lapilli  contained  33  per  cent  of  ammonium 
chloride.  Organic  contamination,  in  the  samples  of  lava  examined, 
was  impossible.  An  alternative  hypothesis,  framed  to  account  for 
the  volcanic  ammonia,  is  that  of  O!  Rosenbach,*  who  argues  that  it 
may  be  generated  by  reactions  between  atmospheric  nitrogen  and 
hot  lava,  in  presence  of  moistiu-e  and  hydrochloric  acid.  This  sug- 
gestion is  supported  by  very  little  evidence  and  needs  experimental 
verification. 

It  is  difficult  to  assign  any  limit  to  the  possibilities  of  sublima- 
tion within  the  vent  of  an  active  volcano.  Given  a  temperature 
sufficiently  high,  and  almost  any  mineral  matter  may  be  volatilized 
or  decomposed  into  volatile  constituents.  In  the  electric  furnace, 
H.  Moissan  ^  has  vaporized  alumina,  lime,  magnesia,  silica,  zirconia, 
and  titanic  oxide,  and  these  substances  are  all  foimd  in  volcanic  rocks. 
The  oxides  of  the  iron  group  are  more  stable,  and  fuse  but  do  not  seem 
to  distUl.  According  to  these  observations,  alumina  volatilizes  most 
easily,  lime  quite  easily,  and  magnesia  with  less  facility.  P.  Schutzcn- 
berger  *  has  observed  that  silica  gradually  loses  weight  in  a  good  wind 
furnace,  whose  temperature  is  far  below  that  of  the  electric  arc;  and 
E.  Cramer '  has  completely  vaporized  rock  crystal  imder  similar  con- 
ditions. Cramer  used  a  Deville  furnace,  with  gas  carbon  or  retort 
graphite  for  fuel,  with  a  blast  of  air;   and  in  one  experiment  4.517 

»  Bor.  Deutsch.  chem.  Gesell.,  vol.  39, 1906,  p.  3530;  Chem.  Zeltung,  vol.  30,  ICCG,  p.  740;  Centralbl.  Min., 
Geol.  u.  Pal.,  1907,  p.  161.  See  also  R.  V.  Matteucci,  Centralbl.  Min.,  Ccol.  u.  Pal.,  1901,  p.  45,  on  am- 
monium chloride  in  the  crater  of  Vesuvius. 

*  Natur.  Wochenschr.,  vol.  21, 1906,  p.  740. 

*  Le  four  6lectrique,  pp.  32-49,  Paris,  1897.    See  also  f'ompt.  Rei  d.,  vol.  116, 1S93,  p.  1222. 
<  Compt.  Rend.,  vol.  116, 1893,  p.  1230. 

*  Zeitschr.  angevv.  ( hemie,  1802,  p.  4Sl. 
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grams  of  quartz  were  evaporated.  At  the  temperature  of  melting 
cast  iron,  quartz  was  stable  and  lost  no  weight;  although  Moissan  ^ 
has  observed  that  at  1,200^  C.  silica  appears  to  have  an  appreciable 
tension.  According  to  A.  L.  Day  and  E.  S.  Shepherd,'  quartz  vapor- 
izes rapidly  in  air  at  about  the  temperature  of  mdting  platintmi. 
Silica,  then,  is  volatile  at  temperatures  which  are  probably  reached 
or  exceeded  within  the  volcanic  reservoirs;  and  it  may  appear  among 
the  products  of  sublimation.  In  fact,  quartz,  tridymite,  and  various 
silicates  have  been  repeatedly  observed  in  lavas  under  conditions 
which  indicated  an  origin  of  this  kind.  A.  Scacchi,*  for  example, 
reports  leucite,  augite,  hornblende,  mica,  sodalite,  microsommite, 
cavolinite,  garnet,  and  possibly  sanidine  and  vesuvianite  as  formed 
by  sublimation  at  Vesuvius.  Fm-thermore,  experiments  conducted 
by  A.  L.  Day  and  E.  T.  AUen  in  the  laboratory  of  the  United 
States  Geological  Survey  have  shown  that  feldspars  can  be  easily 
sublimed  at  the  temperature  of  the  electric  arc,  a  temperature  which 
is  in  the  neighborhood  of  3,700°  C*  The  actual  temperature  at 
which  the  volatility  of  silicates  begins  is  yet  to  be  ascertained,  but 
it  is  certainly  lower  than  that  employed  in  Day  and  Allen's  experi- 
ments. It  may  fall  within  the  range  of  volcanic  temperatures; 
and  in  that  case  sublimation  can  be  supposed  to  play  an  appre- 
ciable part  among  the  phenomena  of  eruptions.*  If  the  more  vola- 
tile substances  accumulate  in  the  upper  portions  of  a  reservoir,  they 
would  appear  among  the  first  ejectamenta;  and  the  difference 
between  the  earlier  and  later  outflows  of  an  eruption  would  be  partly 
accoimted  for.  Whether  this  factor  in  the  eruptive  process  is  rela- 
tively small  or  large  can  not  be  determined  at  present.  It  probably 
exists,  and  it  may  be  importanjt;  but  no  more  definite  conclusion  can 
be  drawn  from  the  established  evidence. 

OCCLUDED  GASES. 

Although  we  can  not  determine  with  absolute  certainty  the  origin 
of  volcanic  gases,  the  subject  is  not  entirely  imsuited  to  scientific  dis- 
cussion. Some  evidence  exists,  and  from  it  some  conclusions  may  be 
legitimately  drawn.  It  has  long  been  known  that  nearly  if  not  quite 
all  rocks,  upon  heating  to  redness,  give  off  large  quantities  of  gas — a 

1  Compt.  Rend.,  vol.  138, 1904,  p.  243. 

s  Science,  new  ser.,  vol.  23, 1906,  p.  670. 

I  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  24, 1872,  p.  493.  Condensed  from  the  Italian  original  by  J.  Roth. 
See  also  G.  vom  Rath,  Neues  Jahrb.,  1866,  p.  824,  on  augite  as  a  fumarole  product.  H.  Traube  (C«ntralbl. 
Hin.,  Geol.  u.  Pal.,  1901 ,  p.  079)  has  described  the  artificial  production  of  minerals  by  sublimation. 

« 3,900*  to  4,000;  absolute.  See  C.  W.  Waidner  and  G.  K.  Burgess,  Bull.  Bureau  of  Standards,  vol.  1, 
1904,  p.  100. 

•  J.  Joly  (Proo.  Roy.  Irish  Acad.,  3d  ser.,  vol.  2, 1891 ,  p.  38)  mentions  the  sublimation  of  enstatite  at  the 
highest  temperatures  observed  on  the  platinum  ribbon  of  his  meldometer.  In  this  case  the  temperature 
oould  not  have  exceeded  1,700*  C.  Some  of  the  so-called  sublimed  silicates  of  volcanoes,  however,  may 
not  be  true  sublimates  at  all,  but  products  of  reactions  between  silica  and  volatile  chlorides  or  fluorides. 
Such  reactiona  are  more  than  probable. 
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fact  which  was  noted  by  Priestley  as  eariy  as  1781.*  In  recent  years 
these  gases  have  been  elaborately  studied,  and  from  two  points  of 
view.  At  first  they  were  thought  to  be  occluded  in  the  rocks;  and, 
indeed,  inclosures  of  carbon  dioxide  are  not  rare;  but  latterly  it  has 
been  shown  that  igneous  action  may  generate  them  from  the  solid 
minerals  themselves.  Let  us  first  assemble  the  data,  and  then  con- 
sider their  significance. 

That  quartz  and  other  crjBtalline  minerals  often  contain  cavities 
filled  with  carbon  dioxide  is  well  known,  and  inclusions  of  this  order 
have  been  studied  by  several  competent  authorities.*  Hawes  and 
Wright  examined  the  remarkable  smoky  quartz  from  Branchville, 
Connecticut,  which  contains  so  many  inclusions  of  gas  that  it  explodes 
almost  like  a  percussion  cap  when  struck  with  a  hammer.  In  this 
case  the  gas,  as  analyzed  by  Wright,  gave  98.33  per  cent  of  00„ 
with  1.67  per  cent  of  nitrogen,  and  traces  of  hydrogen  sulphide,  sul- 
phur dioxide,  ammonia,  a  fluorine  compound,  and  possibly  chlorine. 
Much  water  was  also  present  with  the  gaseous  inclusions.  In  other 
minerals  other  gases  are  sometimes  foimd  in  notable  quantities,  as, 
for  example,  hydrogen  sulphide  in  a  Canadian  calcite,"  and  marsh 
gas,  which  Bunsen  *  extracted  from  the  rock  salt  of  Wielieczka.  In 
the  latter  instance  the  inclosed  gases  contained  84.60  per  cent  of 
methane,  10.35  per  cent  of  nitrogen,  and  small  quantities  of  oxygen 
and  carbon  dioxide.  These  minerals,  however,  are  not  volcanic,  and 
they  are  cited  here  merely  to  show  that  gaseous  inclusions  are  not 
unusual.  The  observations  of  W.  Ramsay  and  M.  W.  Travers  *  are 
also  interesting,  for  in  zircon  they  foimd  both  argon  and  helium,  and 
the  latter  gas  was  yielded  by  a  nimiber  of  other  rare-earth  minerals 
and  also  uraninite,  all  obtained  from  pegmatite  veins. 

In  1876,  in  the  course  of  his  investigations  upon  the  gases  evolved 
from  meteorites,  A.  W.  Wright  ^  found  that  a  specimen  of  trap,  heated 
to  redness,  gave  off  three-fourths  of  its  voltime  of  gas,  which  con- 
tained 13  per  cent  of  carbon  dioxide,  the  remainder  being  chiefly 
hydrogen.  In  1896,  W.  A.  Tilden  ^  made  a  similar  observation  upon 
the  red  Peterhead  granite.  This  rock  gave  off  2.61  times  its  volume 
of  gases,  containing  24.8  per  cent  of  CO3  and  75.2  per  cent  of  hydro- 
gen.    A  year  later  ^  Tilden  published  the  results  of  his  experiments 

1  See  his  letters  to  Joslah  Wedgwood ,  in  Scientific  correspondence  of  Joseph  Priestley,  edited  by  H.  Car- 
rington  Bolton,  New  York,  1892,  privately  published. 

«  See  especially  W.  N.  Hartley ,  Jour.  Chem.  Boc. ,  vol.  29, 1876,  p.  137;  vol.  30, 1876,  p.  237.  G.  W.  Hawes, 
Am.  Jour.  Bel.,  3d  ser.,  vol.  21 ,  1881 ,  p.  203.    A.  W.  Wright,  idem,  p.  209. 

»  See  B.  J.  Harrington.  Am.  Jour.  Sci.,  4th  ser.,  vol.  19, 1905,  p.  345. 

« Annales  chim.  phys.,  3d  ser.,  vol.  38, 1853,  p.  269. 

•  Proc.  Roy.  Soo. ,  vol.  60, 1896-97,  p.  442.  Argon  and  helium  have  also  been  found  in  malaoone,  a  variety 
of  zircon,  by  E.  S.  Kitchin  and  W.  O.  Whiterson  (Jour.  Chem.  Soc.,  vol.  89, 1906,  pw  1568).  Many  of  the 
rare-earth  minerals,  according  to  H.  Erdmann  (Ber.  Deutsch.  chem.  Gesell.,  vol.  29, 1896,  p.  1710),  contain 
small  quantities  of  nitrogem. 

•  Am.  Jour.  ScL,  3d  ser.,  vol.  12, 1876,  p.  171, 
»  Proc.  Roy.  Soc.,  vol.  59, 189^96,  p.  223. 

•  Chem.  News,  vol.  75, 1897,  p.  169.    Proc.  Roy.  Soc.,  vol.  60, 1896-97,  p.  453. 
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upon  a  considerable  number  of  rocks  and  minerals^  24  examines  in  all. 
For  most  of  these  only  partial  analyses  were  made,  but  in  five  cases 
the  gases  evolved  were  more  completely  examined.  Thoilata  are  as 
follows  for  the  percentage  composition  of  the  gases  and  for  the  vol- 
ume obtained  from  a  unit  volume  of  rock: 

Volume  and  compontion  of  gases  evolved  from  rocks. 


v>_^t. 

Voliime 
of  gas. 

Composition  of  gas. 

Rock. 

CO, 

CO              CH« 

N, 

H, 

Granite 

2.8 
6.4 
7.3 
17.8 
8.0 

23.60 
6.50 
77.72 
31.62 
32.08 

6.45 

2.16 

8.06 

'  5.36 

20.08 

3.02 

2.03 

.56 

.51 

10.00 

5.13 
1.90 
1.16 
.56 
1.61 

61.68 

Gabbro 

88.42 

Pyroxene  crneiM 

12.49 

Corundum  tmeiss 

61.93 

Baaalt 

36.15 

Even  such  a  mineral  as  beryl  gave  oflf  6.7  volumes  of  gas,  in  which 
hydrogen  largely  predominated.  The  gases  appeared  to  Tilden  to  be 
wholly  inclosed  in  very  minute  cavities,  so  small  that  little  was  lost 
when  the  rocks  were  reduced  to  powder.  Their  extraction  was 
effected  by  the  usual  process  of  heating  the  pulverized  material  in 
vacuo. 

In  1898  M.  W.  Travers  ^  described  a  series  of  experiments  upon  the 
extraction  of  gases  from  various  minerals  and  rocks,  which  led 
to  results  resembling  those  obtained  by  Tilden.  The  conclusions 
reached,  however,  were  quite  different;  for  Travel's  was  able  to  show 
that  in  some  cases  at  least  the  gases  were  not  occluded  but  jvere 
derived  from  the  interaction  of  nongaseous  substances.  Chlorite, 
serpentine,  gabbro,  mica,  talc,  feldspar,  and  glauconite  were  studied, 
and  in  each  instance  the  hydrogen  and  carbon  monoxide  that  were 
evolved  by  heating  the  mineral  in  vacuo  were  quantitatively  related 
to  the  ferrous  oxide  and  water  which  the  specimen  contained.  The 
inference  is  that  these  gases  were  generated  by  a  reaction  between  the 
ferrous  salts,  the  carbon  dioxide,  and  the  water  of  the  original  sili- 
cates. Unfortunately,  Traverses  conclusions  can  not  be  directly 
applied  to  Tilden's  work,  for  the  latter  gave  no  analyses  of  the  rocfa 
themselves.  It  is  noticeable,  however,  that  the  largest  evolution  of 
gas  cited  in  Tilden's  series  was  that  from  the  corimdum  gneiss  of 
Seringapatam,  and  not  from  the  presumably  more  highly  ferruginous 
pyroxene  gneiss  and  basalt.  The  yield  of  gas  from  beryl  was  also 
very  considerable,  a  fact  which  Traverses  observations  do  not  explain. 
That  molten  glass  absorbs  combustible  gases,  probably  hydrogen,  was 
observed  by  H.  Sainte-Claire  Deville  and  L.  Troost.'  The  glass  on 
cooling  gives  out  much  of  the  gas  in  the  form  of  bubbles.     Even 


«  Proc.  Roy.  See.,  vol.  64, 189S-99,  p.  130. 


s  Compt.  Rend.,  vol.  57, 1863,  p.  95a. 
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solid  glass,  at  200°  and  under  a  pressure  of  200  atmospheres,  has  been 
found  by  J.  B.  Hannay  ^  to  absorb  oxygen  and  carbon  dioxide. 
When  the  charged  glass  is  cooled  under  pressiu*e  the  gases  are 
retained,  but  on  qidck  heating  to  the  softening  point  they  are  expelled 
with  almost  explosive  violence,  driving  the  glass  into  foam.  By  slow- 
heating  to  300°  most  of  the  dissolved  gas  can  be  quietly  discharged. 
The  investigations  of  A.  Gautier  '  led  to  the  same  conclusion  as 
that  reached  by  Travers,  but  the  work  was  more  extended  and  various 
methods  of  attack  were  employed.  Two  samples  of  the  same  granite, 
collected  at  different  tunes  and  heated  to  100°  in  vacuo  with  sirupy 
phosphoric  acid,  gave  off  the  following  gases,  measiffed  in  cubic  cen- 
timeters per  kilogram  of  rock: 

Gases  evolved  by  granite  in  vacuo  at  100^. 


Ha  and  SiF4 Trace . 

1.33 

CO2 

Hydrocarbons 

H, 

K2  (rich  in  argon) 


B 


Trace. 

22.7 

237.5 

5.S 

♦191. 48 

102.48 

559.46 


On  heating  the  same  rock  to  300°  with  water  alone  gases  were 
evolved  as  follows,  in  cubic  centimeters  per  kilogram : 

Gases  evolved  by  granite  heated  to  S00°  with  water. 


HjS 
CO2 
H,. 


A 

1.3 

7.2 

46.0 

.3 

D 


1.0 

5.3 

14.6 

5.9 


Hence,  it  is  clear  that  the  action  of  water  alone  on  an  igneous  rock 
moderately  heated  tends  to  develop  gases  closely  similar  in  character 
to  those  which  are  emitted  by  active  volcanoes.  Heated  to  redness 
in  vacuo,  powdered  rocks  emit  much  more  gas  and  the  volcanic 
phenomena  are  imitated  even  more  closely.  In  the  subjoined  table 
A,  B,  and  C  are  analyses  of  gases  thus  extracted  from  the  granite 
of  Vire;  D  represents  a  granitoid  porphyry,  E  an  ophite,  and  F  Iher- 

1  Chem.  News,  vol.  44, 1881,  p.  3.  A.  A.  Campbell  Swinton  (Chem.  News,  vol.  85, 1907,  p.  134)  has  also 
shown  that  gases  are  occluded  by  the  glass  wails  of  vacuum  tubes.  Barus*s  work  on  the  absorption  of  water 
by  glass  is  considered  in  Chapter  IX. 

xCompt.  Rend.,  vol.  131,  1900,  p.  647;  vol.  132,  1901,  pp.  58,  180;  vol.  136,  1003,  p.  16.  Annales  chim. 
physo  7th  ser.,  vol.  22,  p.  97,  1901. 
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zolite.  The  percentages  by  volume  are  given,  and  the  volume  of 
gas,  reduced  to  0^  and  760  millimeters,  yielded  by  1  kilogram  of 
rock. 

Analyses  of  gag  evolved  from  powdered  rocks  heated  to  reiruss. 


&r:::;;::::::::::::::::::: 

CH, 

H, 

Nj  (with    rgon) 

Volume  of  gas,   cubic  centi 
meters 


A 

B 

c 

D 

E 

14.80 

8.98 

14.42 

59.25 

35.71 

Trace. 

L71 

.69 

None. 

.45 

4.93 

5.12 

5.50 

4.20 

4.85 

2,24 

1.09 

1.99 

2.53 

1.99 

77.30 

82.80 

76.80 

8L09 

56.29 

.83 

.42 

.40 

2.10 

.68 

100.10 

100.12 

99.80 

99.17 

99.97 

2,709 

4,209 

2,570 

2,846 

2,517 

• 

78.35 

11.85 

L99 

.01 

7.34 

Trace. 


99.54 
5,450 


Before  heating,  these  rocks  were  dried  at  250°  to  300°  to  remove 
hygroscopic  moisture.  The  volume  of  gas  extracted  from  one  volume 
of  rock  amounted  to  6.7  from  the  granite,  7.6  from  the  porphyry,  7.6 
from  the  ophite,  and  15.7  from  the  Iherzolite.  The  granite,  it  will  be 
seen,  gives  the  smallest  evolution  of  gas  per  volume  of  material,  but 
it  is  by  far  the  richest  in  hydrogen.  Even  in  this  case,  according  to 
Gautier,  a  cubic  decimeter  of  granite  at  1 ,000°  would  give,  calculated 
for  that  temperature,  about  20  liters  of  mixed  gases  and  89  liters  of 
steam — ^more  than  one  hundred  times  its  initial  volume. 

In  order  to  prove  that  the  gases  are  not  simply  inclosed  in  the 
rocks,  Gautier  extended  his  experiments  along  several  lines.  First, 
he  argued,  inclosed  gases  should  not  Vary  in  composition  during  the 
process  of  extraction,  whereas  gases  generated  by  heat  might  do  so. 
The  latter  condition  held  in  the  case  of  granite  when  two  fractions  of 
the  gas  were  examined  separately.     The  analyses  are  as  follows: 

Analyses  of  gas  evolved  from  granite. 


COo 

CH4 
Ha. 


First 
third. 

20.19 

L28 

.57 

2.04 

75.54 

.30 

99.  92 

LftttfWKh 

thirds. 


6.13 
.41 

1.02 

.80 

91.64 

.30 

100.30 


A  similar  variation  was  exhibited  during  the  evolution  of  gas  from 
ophite. 
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In  his  third  memoir  Gautier  showed  that  ferrous  silicates  heated 
to  redness  in  a  current  of  steam  yield  a  gas  containing  65  per  cent 
of  hydrogen.  Therefore  the  water  of  constitution  in  a  rock,  acting 
on  the  compounds  of  iron  therein  contained,  can  give  the  same 
reaction.  To  test  this  conclusion  still  further,  Gautier  heated  150 
grams  of  dried  and  powdered  ophite  to  redness  in  vacuo  and  obtained 
2.25  grams  of  water  and  371  cubic  centimeters  of  gas,  contain- 
ing 202  cubic  centimeters  of  hydrogen  and  122  cubic  centimeters 
of  carbon  dioxide.  After  the  evolution  of  gas  had  ceased,  the  mate- 
rial was  allowed  to  cool,  and  then  reheated  in  a  current  of  steam 
carrying  a  little  carbonic  acid.  By  this  means  70  cubic  centimeters 
of  gas  were  developed,  having,  after  the  removal  of  carbon^  dioxide, 
the  subjoined  composition : 

CO 3.32 

CH^ 6.08 

Ha 36.  20 

Na,  etc 54.  20 

99.80 

This  gas  was  certainly  not  preexistent  in  the  rock,  for  that  had  been 
previously  exhausted,  and  yet  it  was  moderately  rich  in  hydrogen. 

Gautier's  conclusions  were,  in  the  main,  confirmed  by  K.  Hiittner.* 
He,  too,  found  that  the  gases  in  question  are  generated  by  reactions 
brought  about  by  heat  within  the  rock;  only,  instead  of  regarding 
the  CO  as  derived  from  the  action  of  CO2  on  ferrous  silicates,  he 
showed  that  it  can  be  produced  by  the  reducing  action  of  the  liberated 
hydrogen  upon  CO,.  Rocks  containing  more  or  less  water  were 
heated  in  a  stream  of  carbon  dioxide,  when  both  hydrogen  and  car- 
bon monoxide  were  given  off. 

That  such  a  reduction  was  possible  had  long  been  known;  but 
Gautier,'  in  a  later  investigation,  studied  the  reaction  much  more 
thoroughly  and  foimd  that  it  was  reversible.  At.  a  white  heat  the 
reaction  is  as  follows: 

C02-f3Ha=CO-fHaO+2H,. 

At  temperatures  between  1,200°  and  1,250°,  on  the  other  hand,  the 
equation  becomes — 

3C0  +  2H3O  =  2C0,  +  2H3  -f  CO. 

In  another  series  of  experiments,  Gautier  ^  found  that  hydrogen, 
at  high  temperatures,  reduced    carbon  monoxide,  forming  carbon 

>  Zeitschr.  anorg.  Chemie,  vol.  43, 1906,  p.  8. 

tOompt.  Rend.,  vol.  142,  1906,  p.  1382;  Bull.  Soo.  chlm.,  3d  ser.,  vol.  35,  1906,  p.  929.    Gautier  gives 
rafennoes  to  earlier  literature.    See  also  O.  Boadoiiard,  Bull.  8oc.  ctUm.,  3d  ser.,  vol.  25, 1901. 
^Coaipt.  Rend.,  vol.  150, 1910,  p.  1564. 
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dioxide,  water,  and  either  free  carbon  or  methane.^     At  900^  to 
1,000^  the  reaction  appeared  to 


400+2H,-2H;0+00,+8C. 

Between  1,200*  and  1,220^  it  was— 

4CO +8H,- 2H,0 +00, -f  3CH,. 

From  these  reactions,  which  seem  to  be  contradictory  but  whidi 
depend  upon  varying  conditions  of  temperature  and  concentration, 
the  coexistence  of  water  vapor,  hydrogen,  and  both  oxides  of  car- 
bon in  volcanic  emanations  becomes  intelligible.  When  water  emit- 
ted by  heated  rocks  mingles  with  carbon  dioxide  from  any  source 
whatever,  within  the  vent  of  a  volcano,  any  of  these  reactions  may 
take  place,  and  mixed  gases,  which  sometimes  contain  traces  of 
formic  acid,  are  generated.  This  mixture  is  a  powerful  reducing 
agent,  which  acts  upon  the  iron  silicates  in  an  opposite  direction  to 
that  of  the  oxidizing  vapor  of  water.  Either  oxidation  or  reduction 
is  therefore  possible,  according  to  the  preponderance  of  one  constitu- 
ent or  another  among  the  volcanic  gases. 

Groing  further,  Gautier  '  investigated  tlie  reactions  between  steam 
and  the  metallic  sulphides.  At  incipient  redness  steam  changes 
the  iron  sulphide,  FeS,  into  magnetite,  Pe^04,  with  formation  of  free 
hydrogen  and  hydrogen  sulphide.  Gralena,  in  a  current  of  super- 
heated steam,  was  partly  sublimed  and  recrystallized  as  such  '  and 
partly  decomposed  into  metallic  lead  and  free  sulphur.  A  little  sul- 
phate of  lead  was  formed  at  the  same  time.  With  cuprous  snj^hide, 
under  Uke  conditions,  copper  was  liberated  and  a  mixture  ci  hydro- 
gen 'with  sulphur  dioxide  was  formed.  The  same  gaseous  mixture 
was  also  generated  by  the  action  of  steam  upon  hydrogen  sulphide. 
From  these  facts  Oautier  infers  that  the  sulphur  dioxide  of  volcanoes 
is  produced  by  the  reduction  of  sulphides,  followed  by  the  oxidation 
of  the  hydrogen  sulphide  so  liberated.  This  oxidation  can  be  brought 
about,  as  Gautier  ^  has  shown,  by  reactions  between  metallic  oxides 
and  hydrogen  sulphide,  a  reversion  of  some  of  the  other  reactions 
studied.  At  a  red  heat  steam  reduces  ferrous  sulphide,  forming  mag- 
netite. At  a  white  heat  hydrogen  sulphide  reconverts  magnetite  into 
FeS,  and  a  mixtiu*e  of  sulphur  dioxide  with  hydrogen  is  generated. 
Hydrogen  sulphide  may  also  react  with  carbon  dioxide  to  form  car- 
bonyl  sidphide,  COS,  and  water.  In  short,  Gautier  has  shown  that  a 
large  number  of  reactions  are  possible,  starting  only  with  water,  car- 

1  sir  B.  C.  Brodle  (Proc.  Roy.  Soc.,  vof.  21, 1873,  p.  245)  also  obtained  methane  by  the  action  of  electric 
discharges  upon  a  mixtare  of  CO  and  Hi.    Tlie  reaction  suggested  is  CO-f-3Ht-^H4+HiO. 

*Compt.  Rend.,  vol.  142, 1906,  p.  1465;  Boll.  Soc.  chim.,  3d  ser.,  vol.  35, 11X)6,  p.  1)84.  On  the  reaction 
between  CO  and  SOj,  vfaieh  yields  COjand  8,  see  J.  B.  Ferguson,  Jour.  Am.Chem.  Soc.,  vol.  40, 1918,  p.  1696. 

*  This  recalls  the  existence,  already  mentioned,  of  galena  as  one  d  the  Vesurian  sublimates. 

*  Compt.  Rend.,  vol.  143, 1906,  p.  7;  Bull.  Soc.  chim.,  3d  aar.,  vol.  35^  1906^  p.  939l 
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bon  dioxide,  and  the  solid  constituents  of  lavas.  Many  of  these  reac- 
tions are  reversible,  and  they  give  rise  to  nearly  all  the  gaseous  mix- 
tures which  appear  in  volcanic  emanations.  The  nitrogen  of  the  vol- 
canic gases  Gautier,  like  several  other  authorities,  attributes  to  the 
presence  of  nitrides  in  the  lava. 

In  a  more  general  memoir  Gautier  '  has  summed  up  his  views 
upon  the  chemistry  of  volcanism.  The  phenomena,  he  thinks,  are 
due  to  Assuring  and  subsidence  in  the  crust  of  the  earth,  whereby 
masses  of  crystalline  rocks  are  lowered  into  the  heated  region.  Gases 
are  then  developed,  in  accordance  with  the  reactions  that  he  has 
established,  under  enormous  pressures  and  in  immense  quantities. 
To  iUustrate  the  magnitude  of  the  phenomena  to  which  the  reactions 
may  give  rise,  Gautier  in  one  of  his  earlier  papers  shows  that  a  cubic 
kilometer  of  granite  would  yield  26,400,000  metric  tons  of  water  and 
5,293,000,000  cubic  meters  of  hydrogen,  measured  at  ordinary  temper- 
atiffes.  That  amount  of  hydrogen,  burning,  would  give  4,266,000 
tons  of  water,  making  nearly  31,000,000  tons  in  all,  or  as  much  as 
passes  Paris  in  the  Seine  during  an  average  flow  of  12  hours. 
We  can  therefore  accoxmt  for  the  evolution  of  volcanic  steam  and 
gases  by  the  action  of  heat  alone  without  involving  either  the  infiltra- 
tion of  sea  water  or  imknown  and  imaginary  sources  of  supply  deep 
within  the  bowels  of  the  earth.  Given  a  mechanical  source  of  heat 
and  rocks  of  ordinary  composition,  and  the  observed  chemical 
phenomena  will  follow.  Gautier,  however,  goes  further  than  the 
experimental  data  warrant.  He  supposes  that  the  nucleus  of  the 
earth  consists  largely  of  iron,  containing  hydrogen  and  carbon 
monoxide  in  solution.  He  also  assimies  the  existence  of  metallic 
carbides,  from  which  CO  and  hydrocarbons  may  be  generated. 
Sodiimi  chloride,  moreover,  he  regards  as  nuclear;  and  upon  supposi- 
tions of  this  sort  he  builds  an  elaborate  argument,  of  which  the 
soundness  is  yet  to  be  established.  It  is  rich  in  suggestions  which 
may  or  may  not  bear  fruit  in  future  discoveries.  The  carbide  theory, 
I  may  say,  is  not  due  to  Gautier  alone.  It  was  also  advanced  by 
H.  Moissan,^  who  attributes  volcanic  activitv  to  the  action  of  water 
upon  metallic  carbides,  although  these  compounds  are  not  seen  as 
natural  products  on  the  surface  of  the  earth.  Water,  acting  upon 
the  artificial  carbides,  develops  hydrogen  and  hydrocarbon  gases; 
the  latter,  through  the  influence  of  heat,  partly  polymerize  to  liquid 
or  solid  compounds  and  partly  burn,  yielding  carbonic  acid  and  water; 
and  so  the  observed  order  of  evolution  seen  in  volcanic  eruptions  is 
paralleled.     This  view  also  finds  some  support  in  the  observations  of 

1  Anxiales  des  mines,  10th  scr.,  vol.  9,  1906,  p.  316.  Compare  F.  I^oewinson-Lessing  (Compt.  rend.  VII 
Cong.  g^.  Internat.,  1897,  p.  369),  who  attributes  volcanic  gases  to  the  absorption  of  sedimentary  rocks 
by  magmas.    Clays  yield  water,  limestones  fumisli  CO,,  etc. 

•  Proe.  Roy.  Soc.,  vol.  60, 1S96-97,  p.  156.  See  also  E.  Stecher,  14.  Ber.  Xaturw.  Gcsell.  Chemnitz,  1900; 
A.  RoBsel,  Arch.  sci.  phys.  nat.,  4th  ser.,  vol.  14,  1902,  p.  4S1;  and  H.  Lenicque,  M^m.  Soc.  ingt^n.  dvila 
Ftance,  October,  1903,  p.  346. 
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O.  Silvestii,^  who  obtained  both  solid  paraflBn  and  liquid  hydro- 
carbons from  the  lavas  of  Etna.  The  tiieory  accounts  conveniently 
for  some  products  of  volcanism  and  may  be  true  in  part,  for  the 
carbides  are  readily  formed  and  are  likely  to  be  present  below  the 
region  to  which  the  surface  waters  penetrate.  If  deep-seated  waters 
really  exist,  then  the  carbide  hypothesis  must  be  abandoned,  or  else 
so  qualified  as  to  deprive  it  of  any  real  significance.' 

Probably  the  most  elaborate  research  upon  the  gases  extraotaUe 
from  rocks  is  that  of  R.  T.  Chamberlin.  *  He  gives  more  than  a 
hundred  analyses  of  gases  obtained  from  rocks,  minerals,  and  meteor- 
ites, finding  H,S,  CO^  CH^,  H„.and  N,.  Chlorine  and  its  com- 
pounds are  not  reported.  The  lai^est  quantities  of  gas  were  with- 
drawn from  ferromagnesian  rocks,  and  in  general,  hydrogen  and  the 
carbon  oxides  predominated.  In  deep-seated  ro<^  H,  and  00, 
were  about  equally  important;  in  surface  flows  the  latter  gas  was 
more  conspicuous.  Among  igneous  rocks  the  oldest  yielded  the  most 
gas;  recent  lavas  gave  very  much  lees  than  the  Archean  plutonics. 

Chamberlin  discusses  hk  analyses  with  much  thoroughness,  espe- 
cially with  reference  to  the  origin  of  the  gases.  like  Gautier  he 
ascribes  the  major  portion  of  them  to  reactions  within  the  rocks, 
brought  about  by  heating.  There  must  be,  however,  some  gaseous 
occlusions,  as  in  the  case  of  beryl,  which  yielded  him  much  more 
hydrogen  than  could  possibly  be  generated  by  the  small  amounts  of 
water  and  iron  that  the  mineral  contained.  Inclusions,  such  as  gas 
bubbles  in  quartz  and  the  like,  he  regards  as  of  minor  importanoe. 
The  water  required  to  yield  the  hydrogen  Chamberlin  attributes  in 
great  part  to  the  micas  of  the  deepnseated  rocks — ^that  is,  it  was 
originally  magmatic,  and  locked  up  in  the  minerals  when  the  magma 
consoUdated. 

In  an  interesting  series  of  papers  A.  Brun  *  has  advanced  views  in 
strong  contrast  with  those  of  previous  writers,  for  he  regards  water  as 
of  minor  importance  in  the  production  of  volcanic  phenomena.  He 
agrees,  however,  with  Gautier  in  believing  that  the  gases  emitted  by 
lava  at  the  instant  of  its  fusion  are  generated  within  it  by  chemical 
reactions.  Their  sources,  he  thinks,  are  nitrides  of  iron  and  silicon, 
hydrocarbons,  and    certain   chlorosilicates,  such  as  the  compound 

»  Gau.  chim.  ital.,  vol.  7,  1877,  p.  1. 

<  See  the  discussloii  over  Juvenile  and  vadose  waters  in  Qiapter  VI,  and  altw  Oautier's  memoir,  there 
cited,  on  the  relations  between  volcanism  and  thtfmal  springs.  The  occurrence  of  hydrocarbons  lias 
been  noted  at  many  volcanic  centers. 

*  Pub.  No.  106,  Carnegie  Inst.  Washington,  1908.  Several  analyses  of  gases  tram  lavas  of  Mont  PeMe 
and  Vesuvius  are  given  by  M.  Orossmann,  Compt.  Bend.,  vol.  148, 1900,  p.  991.  Another  paper  on  gases 
from  rocks  is  by  R.  J.  Strutt,  Proc.  Roy.  Soc.  vol.  70 A,  1907,  p.  436.  Bee  also  O.  P.  Pamfil,  (Bull.  Acad. 
Boumaine,  vol.  3,  1014,  p.  72),  who  gives  several  analyses. 

«  Arch.  sci.  phys.  nal.,  4th  ser.,  vol.  19, 1905,  pp.  439,  589;  vol  22, 1906,  p.  425;  vol.  25, 1908,  p.  146;  vol.  27, 

1909,  p.  113;  vol.  28, 1909,  p.  45;  vol.  29, 1910,  pp.  99,  618  (the  last  paper  jointly  with  L.  W.  Collet;;  vol.  30^ 

1910,  p.  576.  A  general  summary  of  his  conclusions  is  given  by  Brun  in  Rev.  gi^n.  sci.,  1010,  p.  51.  His 
complete  researchesliave  been  brought  together  in  a  superb  quarto,  Recherches  sur  rexhalaL<ian  vol(-ani(|ue, 
Geneva,  1911. 
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CasdjSiOs,  which  he  artificially  prepared.^  Hydrocarbons,  in  small 
amonnt,  he  extracted  from  lava,  as  Silvestri  had  done  before  him. 
From  a  Lipari  lava,  by  heating  to  temperatures  between  800^  and 
900^,  Brun  obtained  abxmdant  ammonium  chloride.  Quickly  ignited 
at  900°  it  gave  oflf  free  nitrogen.  At  volcanic  temperatures  the  rock 
emitted  chlorine  and  hydrochloric  acid.  The  observed  volcanic  gases, 
according  to  Brun,  are  evolved  by  the  action  of  the  molten  magma 
upon  the  compounds  named  above,  and  the  temperatures  of  several 
stages  in  the  process  are  as  follows: 

0**  to  825**.  Volatilization  of  water. 

825°.  First  evolution  of  chloride  vapore. 
874**  to  1,100°.  Temperature  of  explodons. 

1, 100°.  Mean  temperature  of  flowing  lava.' 

The  vast  clouds  of  vapor  arising  from  volcanoes  are  thought  by 
Brun  to  consist  mainly  of  volatilized  chlorides,  with  little  or  no 
steam.  This  conclusion  is  in  direct  opposition  to  the  prevailing 
belief. 

In  support  of  his  views,  Brun  has  personally  studied  StromboU, 
Vesuvius,  the  volcanoes  of  Java  and  the  Canary  Islands,  and  Kilauea. 
In  all  cases  he  claims  to  have  found  the  fresh  volcanic  glass  or  cinder 
to  be  practically  anhydrous,  and  to  yield  a  sublimate  of  ammonium 
chloride  on  heating  to  moderate  temperatures.  At  higher  tempera- 
tures, at  or  near  the  fusing  point,  gases  were  given  off  with  explosive 
violence,  and  of  a  character  quite  unlike  anything  reported  by  pre- 
vious observers.  For  example,  four  obsidians  from  Krakatoa  gave 
498,  543,  380,  and  435  cubic  centimeters  of  gas  per  kilogram,  of  the 
following  composition : 

Gases  from  Krakatoa.  [ 


HCl 

SO, 

CO2 

?6::.v.:::::::.:::::::: 

Ns  and  other  inert  gases 


59.64 
11.63 
7.99 
6.73 
.50 
4.78 
8.73 


100.00 


B 


49.94 
15.54 
11.61 

6.87 
Trace. 

5.68 
10.36 


100.00 


82.04 

None. 

2.46 

8.89 

None. 


6.61 


100.00 


} 


63.2 
None. 

29.8 

Trace. 


7.0 


100.00 


The  chlorine  contained  a  little  sulphur  chloride,  and  ammonium 
chloride  was  also  collected  and  determined.     Other  obsidians  from 


*  CtUorosilicates  known  to  exist  in  nature,  like  sodalite  and  several  other  species,  are  more  probable 
sources  of  chlorine.    Sodalite  is  among  the  minerals  reported  as  sublimates  at  Vesuvius. 

*  The  temperature  of  the  lava  at  Kilauea  is  given  by  Brun  as  1,290*±40*'.    Arch.  scL  phys.  nat.,  4th  ser., 
ToL  ao,  1910^  p.  576.    Day  and  Shepherd,  by  means  of  a  thermocouple  lowered  into  the  center  of  the  lava 
pod,  datormined  its  temperature  as  1,000".    Carnegie  Inst.  Washington  Year  Book  No.  10,  1911r  p.  91. 
T.  A.  Jaggar,  Jr.  (Jour.  Washington  Acad.  Sci.,  vol.  7, 1917,  p.  397,  by  means  of  Seger  cones  found  tea 
pttstUTMran^ng  ftom  1,120*  to  1,170". 
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Other  volcanoes  gave  similar  results,  but  with  larger  proportions  of 
no  and  SO2  and  much  less  free  chlorine.  In  order  to  account  for 
the  extraordinary  di£Ference  between  these  gases  and  those  obtained 
by  former  investigators,  Brun  claims  that  he  studied  relatively  fresh 
or  ''live"  material,  while  his  predecessors  examined  old  or  ''dead" 
rocks,  such  as  granites,  etc.  The  distinction  is  of  doubtful  signifi- 
cance.^ The  surprising  amoimts  of  free  chlorine  found  in  Bran's 
analyses  are  also  questionable. 

The  publication  of  Brunts  researches  naturally  led  to  controversy^ 
especially  between  himself  and  Gautior.'  Brim  urges  that  the  well- 
known  volcanic  sublimates  of  metallic  chlorides,  such  as  the  chlorides 
of  magnesium  and  iron,  are  incompatible  with  the  presence  of  water 
in  the  magma,  for  they  are  easily  hydrolyzed.  To  this  Gautier 
replies  that  a  large  amount  of  hydrochloric  acid  in  the  volcaaic  emana- 
tions would  inhibit,  partially  or  altogether,  the  usual  hydrolysis. 
Brun  of  course  recognizes  the  obvious  fact  that  superficial  or  meteofic 
waters  play  some  part  in  eruptions,  especially  in  the  formation  iji 
fumaroles,  but  he  regards  that  part  as  insignificant  and  is  most 
emphatic  in  declaring  that  the  magma  itself,  in  the  volcanic  chimney, 
is  anhydrous.  The  last  point  is  the  one  on  which  he  and  Gautier 
principally  differ.  The  fumarole  gases,  so  far  as  they  have  been 
studied,  seem  to  be  generally  hydrous,  as  is  shown  by  a  group  of 
analyses  by  Gautier.*  These  gases  were  collected  at  Vesuvius,  A 
and  B  three  months  after  the  emiption  of  1906,  C  and  D  about  fifteen 
months  later.  Gases  A  and  B  were  emitted  at  a  temperature  near 
300%  C  and  D  at  250''  to  280"".     The  undried  gases  had  the  following 

composition: 

OoMtt  from  Veauviu*. 


HCl 

COj 

()0 

H, 

O2 

Nj,  A,  etc. 
H2O,  vap<M' 


0.78 

11.  OS 

None. 

1.24 

3.72 

15.49 

67.74 


100.00 


B 


Trace. 

6.68 

None, 

Trace. 

6.00 

24.88 

62.44 


100.00 


None. 

0.80 

.15 

.54 

4.59 

21.28 

72.69 


100.00 


D 


None. 

0.66 

.02 

.02 

3.68 

17.86 

77.76 


100.00 


I  Two  of  Chamberlin's  analyses  relate  to  gases  firom  fresh  Vesavlan  lava  of  the  eruption  of  1906.  They 
eontained  principally  COs  with  much  BO9,  sons  CO  and  GH4,  and  minor  amoiintt  of  Ht  and  N*.  These 
gases  hear  no  reecmblance  to  those  by  reported  Brun.  On  the  other  hand,  R.  Beck  (Monatsb .  Deutsch. 
geol.  GcsolL,  1910,  p.  240)  found  in  gas  extracted  from  obsidian  14.47  per  cent  CIs  and  50.75  IICI. 

s  For  GouUer's  share  in  the  controversy  see  Arch.  sci.  phys.  nat.,  4th  ser.,  vol.  24, 1907,  p.  463,  and  Revue 
sci.,  5th  ser.,  vol.  8,  1907,  p.  545,  and  Nov.  27,  1909.  See  also  K.  Sapper,  Centralbl.  Min.,  Geol.  u.  Pal., 
1909,  p.  609;  A.  C.  Lane,  Tufts  Coll.  Studies,  voL  3,  1908,  p.  39;  and  J.  Schwertschlager,  Cwitralbl.  Min. 
Geol.  u.  Pal,  1911,  p.  777.    Brun's  papers  have  already  been  cited. 

>  liull.  Soe.  chim.,  4th  ser.,  vol.  5,  1909,  p.  977.  See  also  Compt.  Rend.,  vol.  148,  1909,  p.  1708;  vol.  149, 
1909,  p.  84. 
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The  water  in  these  gases  may  of  course  have  been  of  superficial 
origin.  J.  Prestwich  *  has  noted  that  wells  and  springs  near  vol- 
canoes generally  show  a  remarkable  shrinkage  just  before  eruptions, 
an  observation  which  has  some  bearing  upon  the  character  of  the 
more  persistent  volcanic  emanations.  The  water  that  so  vanishes 
may  well  reappear  in  the  fumaroles  which  form  later.  A  very  serious 
objection  to  Brun's  opinions  is  the  fact  that  deep-seated  plutonic 
rocks,  which  presumably  solidified  out  of  reach  of  percolating  waters 
from  above,  contain  micas,  of  which  water  is  one  of  the  essential  con- 
stituents. The  analcite  basalts  and  the  highly  hydrated  pitchstones ' 
are  also  difficult  to  imderstand  if  the  magma  is  really  anhydrous. 

Still  more  conclusive  against  Brun's  views  are  the  observations 
of  Day  and  Shepherd,  already  cited,  who  actually  collected  consider- 
able quantities  of  water  directly  from  the  molten  lava  of  Kilauea. 
There,  at  least,  the  magma  is  not  anhydrous.  Brun's  arguments  by 
which  he  seeks  to  prove  its  anhydrous  nature  are  all  discussed  by 
Day  and  Shepherd  and  effectively  answered.  The  absence  of  chlorine 
from  the  gases  collected  at  Ealauea  is  decidedly  adverse  to  Brunts 
views  regarding  volcanism.  Here,  at  least,  the  white  cloud  of  vapor 
19  not  composed  of  ammonium  chloride. 

On  the  whole,  the  work  of  Gautier  on  the  chemistry  of  the  volcanic 
gases  seems  to  be  the  most  general  and  satisfactory.  Deductions  from 
it,  however,  must  not  be  pushed  too  far,  for  the  evidence  does  not 
cover  all  the  groimd.  That  rocks  contain  some  gaseous  inclusions  is 
established,  although  hydrogen  may  not  be  among  them;  and  these 
were  probably  entangled  when  the  magma  first  solidified.  Percolating 
waters  certainly  reach  volcanic  matter  from  above,  and  it  is  highly 
probable  that  some  water  filters  in  from  the  sea.  A  volcano  on  the 
seaboard  could  hardly  escape  from  receiving  some  accessions  of  that 
kind.^  What  the  relative  magnitude  of  these  several  factors  may  be 
we  have  no  means  of  determining.  Furthermore,  experiments  like 
those  of  Gautier  do  not  reproduce  the  conditions  existing  within  a 
volcano.  His  rocks  were  heated  imder  conditions  which  removed  the 
gaseous  products  as  fast  as  they  were  formed;  in  a  volcanic  reservoir 
they  must  accumulate  in  contact  with  or  permeating  the  lava  until 
the  pressure  has  been  relieved  by  an  explosion.  Steam  may  oxidize 
a  ferrous  compound,  but  the  hydrogen  in  its  turn  is  a  powerful 
reducing  agent.  There  are  here,  then,  two  opposing  tendencies,  and 
we  can  not  readily  decide  what  sort  of  an  equilibrium  would  be 
established  between  them.     It  is  probable  that  in  the  depths  of  a 

»  Proc.  Roy.  Soc.,  vol.  41, 1886,  p.  117. 

>  In  a  reoeot  publication  (Zeitschr.  f.  Vulkanologie,  vol.  1,  p.  3, 1914),  Brun  attempts  to  show  that  the 
water  at  mica  is  not  an  essential  part  of  the  molecule.  Upon  that  assumption  the  formula  of  museovite 
becomes  imttional.  According  to  O.  Stutzer  (Monatsb.  Deutsch.  geol.  Oesell.,  1910,  p.  102)  the  waterof 
pitchsUme  is  not  magmatic.  On  magmatic  water  rich  in  HCl  froma  Vesuvian  fumarole  see  A.  Malladra, 
Nature,  toI.  100, 1917,  p.  136. 

*  A.  Daubrde,  6tud4s  synth^tiques  de  g^logie  exp^rimentaie,  1873,  pp.  ZS&-24\. 
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volcano  temperaturee  prevail  which  disBociate  water  into  its  demon te, 
unless  the  enormous  pressures  thero  existing  should  compel  some  sort 
of  union  that  would  otherwise  be  impossible.  The  chemistry  of  great 
pressures  and  concurrently  high  temperatures  is  entirdy  imknown, 
and  its  problems  are  not  Ukely  to  be  unraveled  by  any  experiments 
within  the  range  of  our  resources.  The  temperatures  we  can  com- 
mand, but  the  pressures  are  as  yet  beyond  our  reach.  We  may  devise 
mathematical  formulae  to  fit  determinable  conditions;  but  the 
moment  we  seek  to  apply  them  to  the  phenomena  displayed  at  great 
depths  we  are  forced  to  employ  the  dang^*ous  method  of  extrapola- 
tion, and  our  conclusions  can  not  be  verified. 

VOLCANIC  EXPLOSION/^. 

It  is  generally  admitted  that  the  volcanic  gases  are  the  chief  ag^its 
in  producing  volcanic  explosions.  This  is  emphasized  by  E.  Reyer,' 
by  A.  C.  Lane,'  by  S.  Arrhenius,'  and  more  rer<^ntly  by  C  Doelter.* 
Lane  and  Doelter  especially  regard  the  deep-seated  magmas  as 
impregnated  by  gaseous  mixtures  which  explode  upon  relief  of  pres- 
sure. As  interpreted  by  Lane,  these  gases  were  absorbed  by  it^ 
early  earth  as  original  and  necessary  constituents  of  every  magma, 
and  their  retenticoi  is  essential  to  the  development  and  crystallieation 
of  plutonic  and  dike  rocks.  Their  sudden  escape,  due  to  the  for- 
mation of  cracks  in  the  earth's  crust,  is  a  prime  cause  of  volcanic 
eruptions.  Hypotheses  of  this  order,  varying  only  in  detail,  have 
been  widely  accepted,  but  they  are  not  in  complete  harmony  with 
the  conclusions  of  either  Grautier  or  Brun. 

It  is  plain  that  the  consideration  of  the  volcanic  gases  is  directly 
connected  with  various  current  speculations  ccmceming  the  origin  of 
the  earth;  and  whether  we  favor  the  nebular  hypotliesis  or  the 
planetesimal  conception,  lately  developed  by  T.  C.  Qiamberlin,  we 
must  take  them  into  account.  Chamberlin  and  R.  D.  Salisbury  * 
regard  the  gases  as  originally  entangled  in  the  meteoroidal  matter, 
from  which,  according  to  the  planetesimal  hypothesis,  the  earth  was 
formed,  and  they  are  therefore  true  additions  to  the  atmosphere  and 
hydrosphere.  These  authors  admit  that  lavas  in  rising  to  the  surface 
may  encoimter  rocks  saturated  with  moisture,  and  so  generate  some 
steam ;  but  they  ai^e  that  large  accessions  of  water,  such  as  infil- 
trations from  the  sea,  would  absorb  more  heat  than  the  molten 

»  Beitrag  rur  Fysik  der  Eruptionen,  WIen,  1877. 

*  Bull.  Gcol.  Soc.  America,  vol.  5, 1893,  p.  2S9. 

»  Geo).  F5ren.  Plkhandl.,  vol.  22, 1900,  p.  411. 

<  Sittungsb.  .Vkad.  Wien,  vol.  112, 1908,  p.  681. 

&  Geology,  vol.  1,  pp.  588^504,  603-418,  lOM.  See  also  ante.  Chap.  U,  p.  58.  Aooocdlng  to  ChAmbarHn 
and  Salisbury,  ciystallisatioii  has  mnch  to  do  with  the  erohitioxi  of  Tolcaiile  gases.  When  crystals  form 
within  a  lava,  they  give  up  their  gaseous  loed,  wfai<A  overcharges  the  still  fluid  portions  of  the  magma, 
tliereby  causing  increased  pressure  and  provokiiig  explosions.  See  analyses  by  R.  T.  Chamberlin ,  of  gases 
from  the  rocks  and  phenocrysts  of  a  small  tuff  cone.  Red  Mountain,  Ariz.,  cited  by  W.  W.  Atwood,  Jour. 
Geolog}',  vol.  14,  p.  13S,  1905. 
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magma  could  afford  to  lose.  Could  Stromboli,  for  instance,  which 
haa  been  in  ccmtmual  activity  for  more  than  two  thousand  years, 
have  retained  its  heat  mider  such  adverse  conditions  f  The  question 
is  pertinenty  but  not  final,  for  we  know  nothing  about  the  relative 
quantities  of  water  and  lava  which  are  supposed  to  take  part  in  the 
eruptions.  A  large  molten  reservoir  and  a  moderate  infiltration  of 
water,  a  supply  of  heat  greater  than  the  wastage,  are  conceivable; 
and  it  is  also  to  be  remembered  that  some  water  lowers  the  melting 
point  of  a  rock  and  so  helps  to  preserve  its  fluidity.  A  consideraUe 
degree  of  cooling  is  not  incompatible  with  aqueo-igneous  fusion  and 
would  not  necessarilv  check  the  outflow  of  a  lava  stream  or  the  visi- 
ble  activity  of  a  volcano.  Arrhenius  ^  claims  that  a  continuous  activ- 
ity, like  that  of  Stromboli,  would  be  impossible  without  a  steady  sup- 
ply of  water,  and  he  r^ards  the  sea  bottom  as  equivalttit  to  a  semi- 
permeable membrane  through  which,  by  osmotic  pressure,  the  water 
is  forced.  This  pressure  at  a  depth  of  10,000  meters  would  amount 
to  1,700  atmospheres.  It  is  not  as  a  liquid,  however,  but  as  a  vapor, 
far  above  its  critical  temperature,  that  the  water  enters  the  magma, 
in  which  it  is  absorbed  much  as  ordinary  water  is  taken  up  by  cal- 
cium chloride.  During  an  eruption  it  is  emitted  as  steam.  The 
reverse  movement  of  magma  to  the  ocean  is  prevented-,  according  to 
Arrhenius,  by  the  impermeability  of  the  intervening  septum  to  the 
larger  and  heavier  molecules  of  which  the  molten  rock  is  c(»npoeed, 
and  especially  to  the  amorphous  silica  which  the  entering  water  is 
supposed  to  set  f  ree«  Here  the  nature  of  the  fluid  magma  itself  is  in 
question — a  subject  which  will  be  taken  up  more  fully  in  the  next 
efaapttf. 

So  far,  then,  we  have  several  distinct  hypotheses  to  account  for 
the  gaseous  exhalations  of  vcdcanoes.  Arrhenius  and  Daubrte,  as 
well  as  many  earlier  writers,  derive  them  tram  infihratiKms  of  sea 
water,  Arrhenius  assuming  osmotic  pressure  and  Daubr^e  capillary 
attraction  as  the  method  by  which  ^itrance  to  the  magma  was 
effected.  Chamberlin  and  Lane  regard  the  gases  as  original  inclo- 
sures  within  the  earth,  now  issuing  from  great  depths.  Gautier, 
Moiesan,  and  Brun  assign  their  origin  to  reactions  within  the  rocks 
themselves,  but  differ  as  to  the  details  of  the  process. 

Of  all  these  differing  views,  that  of  GauUer  involves  the  smallest 
amoimt  of  hypothesis,  and  it  also  has  the  merit  of  simplicity.  It  is 
not,  however,  as  we  have  already  seen,  absolute  and  final,  but  it  cer- 
tainly represents  a  part  of  the  truth,  and  possibly  the  major  portion. 
On  the  experimental  side  it  needs  further  investigation,  for  it  is  dif- 
ficult to  suppose  that  a  fluid  magma,  saturated  with  gas  and  water, 
could  emerge  from  a  volcano  and  solidify  without  retaining  some 
gaseous  occlusions.     In  fact,  the  experiments  of  R.  T.  Chamberlin 

1  0€0l.  Fdren.  FOrbandl.,  vol.  22,  p.  411, \«A. 
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seem  to  prove  that  such  occlusions  exist,  and  the  extent  to  which 
Gautier's  conclusions  can  be  accepted  depends  upon  their  magnitude. 
Here  we  may  properly  resort  to  some  evidence  from  analogy.  Gas- 
eous occlusions  are  taken  up  by  iron,  steel,  and  slags  in  ordinary 
furnace  operations,  and  among  them  hydrogen  is  the  most  con- 
spicuous/ Data  relative  to  the  absorption  of  hydrogen  by  iron  are 
abundant,'  and  meteoric  iron  seems  always  to  contain  it.^  From  the 
Lenarto  iron  T.  Graham  obtained  2.85  times  its  volume  of  gas, 
containing  86  per  cent  of  hydrogen.  From  the  Augusta  iron  Mallet 
extracted  3.17  volumes,  in  which  hydrogen,  carbonic  oxide,  carbon 
dioxide,  and  nitrogen  were  present.  There  is,  to  be  sure,  one  adverse 
experiment  by  M.  W.  Travers,*  on  meteoric  iron  of  unstated  origin, 
which  is  not  quite  conclusive.  By  heating  this  iron,  hydrogen  was 
obtained;  upon  dissolving  the  iron  in  copper  sulphate  solution,  none 
was  evolved.  The  failure  to  develop  hydrc^en  in  the  second  experi- 
ment is  held  by  Travers  to  prove  its  absence,  at  least  as  a  gaseous 
occlusion.  The  possibility  that  hydrogen  from  a  metallic  hydride 
might  be  expended  in  the  precipitation  of  copper  seems  not  to  have 
been  investigated.  The  weight  of  evidence,  so  far,  is  that  meteoric 
irons  do  occlude  hydrogen,  while  meteoric  stones  yield  a  larger  propor- 
tion of  carbon  dioxide.  The  Kold  Bokkeveld  carbonaceous  meteorite 
gave  thirty  times  its  volume  of  gas,  in  which  carbon  dioxide  pre- 
dominated. The  terrestrial  native  iron  from  Ovifak,  in  Greenland, 
gives  o£F  when  heated,  according  to  Woehler,^  more  than  one  hundred 
times  its  volume  of  gas,  which  is  mainly  carbon  monoxide  with  a 
little  dioxide.  If  ChamberUn's  theory  of  the  earth's  origin  is  correct 
we  have  in  these  gases  an  adequate  supply  for  the  maintenance  of  all 
volcanic  phenomena.  Or,  if  the  earth  itself  is  equivalent  to  a  huge 
meteorite,  as  many  thinkers  have  supposed,  the  analogy  between  it 
and  the  smaller  bodies  accoimts  for  nearly,  if  not  quite,  all  volcanic 
gases.  From  this  point  of  view  they  are  occlusions  forced  out  by 
pressure  and  the  resulting  mechanical  heat.  Between  this  supposi- 
tion and  that  of  Chamberlin  there  is  Uttle  essential  difference,  at 
least  upon  the  cheriiical  side  of  the  problem.  The  analogy  between 
the  expulsion  of  a  gas  from  the  interior  of  our  globe  and  its  evolution 

1  See  table  given  by  A.  C.  Lanein  his  paper,  Geological  activity  of  the  earth's  originally  absorbed  gases: 
Dull.  Oeol.Soc.  America,  vol. 5, 1808,  p.  864.  Seealsoreferencescitedby  G.  Tsohermak,8ittungsb.  Akad. 
Wlen,  vol.  76, 1877,  pp.  170-174. 

>  See,  for  example,  L.  Troost  and  P.  Haatefeuille,  Compt.  Rend.,  vol.  76, 1873,  p.  502;  L.  Cailletet,idem, 
vol.  61.  1865,  p.  850;  and  Thomay  Zeltadir.  phystlcal.  Chemie,  vol.  3, 1891,  p.  91.  Thoma*s  paper  gives 
many  references  to  literature.  H.  Wadding  and  T.  Fischer  (Ber.  V  Intemat.  Kong,  angew.  Chemie,  vol 
2, 1904,  p.  25)  have  sonmied  up  the  subject  quite  thoroughly.  The  papers  by  J.  Parry  (Am.  Chemist,  vol. 
4, 1873--74,  p.  225;  vol.  6, 1875-76,  p.  107)  are  also  important. 

I  T.  Graham,  Proc.  Roy.  Sec., vol.  15, 1866-67, p.  502.  J.  W.  Hallet,idem,  vol. 20, 1871-72, p. 366.  A.  W. 
Wright,  Am.  Jour.  8d.,3dser.,  vol.  0,1875, p. 294;  vol  10, 1875, p.  44;  voL  U,  1876, p. 253;  vol.  12, 1876, p.  166; 
J.  Dewar  and  O.  Ansdell,  Proc.  Roy.  Inst.,  vol.  11, 1886,  p.  445.    See  also  R.  T.  Chamberlin,  loc.  dt. 

4  Proc.  Roy.  Soc. ,  vol.  64,  p.  130, 189MW. 

*  Wm.  Chem.  Pharm.,  vol.  163, 1872,  p.  250.  .V  similar  observation  by  M .  Berthelot  Ls  recorded  by  A. 
Daubr^,  Compt.  Rend.,  vol.  74, 1872,  p.  16U. 
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from  meteorited  has  been  well  developed  by  G.  T^hermak,^  wha 
r^ards  volcanism  as  a  cosmic  phenomenon ,  of  which  the  typical 
example  is  to  be  f omid  in  the  terrific  gaseous  upheavals  that  are  seen 
on  the  surface  of  the  sun. 

For  each  of  the  theories  so  far  proposed  relative  to  the  origin  of 
volcanic  gases  strong  arguments  can  be  adduced,  and  nO  one  should 
be  exclusively  adopted.  The  phenomena  are  probably  complex,  and 
many  activities  contribute  to  their  development.  Some  gas  must  be 
derived  from  reactions  hke  those  described  by  Travers  and  Oautier; 
some  must  (nriginate  from  percolating  waters;  and  a  portion  of  the 
supply  may  possibly  come  from  deep-seated  sources.  Whether  we 
assume  that  the  earth  was  once  a  molten  globe  or  that  it  was  formed 
by  the  accretion  of  meteoric  masses,  gases  must  be  retained  within  its 
interior,  and  their  escape  from  time  to  time  would  seem  to  be  unavoid- 
able. Molten  matter,  whether  metallic  or  stony,  is  known  to  dis- 
solve gases  in  large  amounts,  as  silver  dissolves  oxygen,'  and  they  are 
expelled  in  great  measure  during  sohdification.  They  are,  moreover, 
expelled  explosively,  a  fact  which  can  be  verified  in  any  laboratory; 
but  that  the  expulsion  is  complete  is  extremely  improbable.  Some 
gas,  it  may  be  much  or  little,  is  retained  by  the  solid  mass,  and  motli- 
fies  its  properties.  All  of  these  elements  contribute  to  the  phenomena 
of  volcanism,  but  their  relative  magnitudes  can  not  now  be  evaluated. 
Speculation  upon  them  may  help  to  stimulate  research,  but  so  long 
as  the  temperatures  and  pressures  within  a  volcano  are  unmeasured 
the  problems  suggested  by  the  hypotheses  must  remain  unsolvei). 
llie  question  of  volcanic  temperatures,  of  which  more  will  be  said  in 
the  next  chapter,  is  particularly  important  in  the  investigatiod  nf 
volcanic  explosions.  The  latter  are  due  in  part  to  cooling  and  the 
violent  expulsion  of  gases  following  retief  of  pressure,  but  chemi<'al 
combination  may  also  be  manifest  in  them.  If  the  temperature  in 
the  depths  of  a  volcano  is  high  enough  to  dissociate  water  into  its 
elements,  then  the  issuing  gases  will  form  an  explosive  mixture  of 
tremendous  energy.  The  moment  such  a  mixture  reached  the  surf ac*e 
of  the  molten  lava  it  would  have  become  cool  enough  to  ignite,  and 
the  characteristic  detonation.^  would  follow.  Hydrogen  alone,  emerg- 
ing into  the  air,  might  form  with  the  latter  a  similar  mixture  and 
produce  the  same  phenomena.  E.  W.  von  Siemens,"  observing  a  series 
erf  explosions  at  Vesuvius,  ascribed  them  to  this  cause.  That  hydro- 
gen does  issue  from  volcanoes  is  established ;  under  certain  conditions 
it  burns  quietly,  and  under  others  it  gives  rise  to  explosions;  but  in 
either  case  it  develops  much  heat  and  so  retards  the  cooling  of  its 
surrounding  matter.     One  gram  of  liydrogen,  burning  to  form  water, 

I  SttnmgBb.  Akad.  Wien,  vol.  75,  1877,  p.  151. 

<  One  volume  of  molt«n  silver  can  absorb  22  volumes  of  oxygen,  which  eM^pesexplmively  when  the  metal 

nk.    This '  'iipitting  "  of  melted  .<d)ver  is  familiar  to  all  assayers. 

sifooatob.  K.  preuss.  Akad.,  1878,  p.  558. 


284  DATA  OF  G£OGH£MI8TBT« 

BberateB  a  quantity  of  beat  represented  by  34,000  calcnies;  that  is,  it 
would  raise  the  temperature  of  34,000  grains  of  water  from  0^  to  I  ^  C. 
Tliis  reaction  alone,  this  combustipn  of  hydrogen  in  air,  evidently 
plan's  a  very  large  part  in  the  thermodynamics  of  volcanism. 

ST7MMART. 

Tliat  the  volcanic  gases  appear  in  a  certain  regular  order  has  been 
shown  by  the  various  researches  upon  their  composition,  and  espe- 
cially by  the  labors  of  Deville  and  Leblanc.  What,  now,  in  the  light 
of  all  the  evidence,  is  that  order,  and  what  do  the  chemical  changes 
mean  ? 

First.  The  gases  issue  from  an  active  crater  at  so  high  a  tempera- 
ture that  they  are  practically  dry.  They  contain  superheated  steam, 
hydrogen,  carbon  monoxide,  methane,  the  vapor  of  metallic  chlorides, 
and  other  substances  of  minor  importance.  Oxygen  may  be  present 
in  them,  with  some  nitrogen,  argon,  sulphur  vapor,  and  gaseous  com- 
pounds of  fluorine. 

Second.  Tlie  hydrogen  bums  to  form  more  water  vapor,  and  the 
carbon  gases  oxidize  to  carbon  dioxide.  From  the  sulphur,  sulphur 
dioxide  is  produced.  The  steam  reacts  upon  a  part  of  the  metallic 
chlorides,  generates  hydrochloric  acid,  and  so  acid  fumaroles  make 
their  appearance. 

Tliird.  The  acid  gases  of  the  second  phase  force  their  way  tlurough 
crevices  in  the  lava  and  the  adjacent  rocks,  and  their  acid  contents 
are  consumed  in  effecting  various  pneumatolytic  reactions.  Tlie 
roc^s  are  corroded,  and  where  sulphides  occiu*  hydrogen  sulphide  is 
set  free.  If  carbonate  rocks  are  encountered,  carbon  dioxide  is  also 
Uberated. 

Fourth.  Only  steam  with  some  carbon  dioxide  remains,  and  even 
the  latter  compound  soon  disappears. 

Tliis  seems  to  be  the  general  course  of  events,  although  it  is  modi- 
fied in  details  by  local  pecuharities.  All  of  the  substances  enumer- 
ated in  the  lists  of  gases  and  sublimates  given  in  the  earher  portions 
of  this  chapter  may  take  part  in  the  reactions,  but  they  do  not 
seriously  affect  the  larger  processes  which  have  just  been  described. 
The  order  is  essentially  that  laid  down  by  Deville  and  Leblanc, 
except  that  the  early  evolution  of  hydrogen  and  carbonic  oxide  is 
taken  into  account.  The  current  of  events  may  be  disturbed,  so  to 
speak,  by  ripples  and  eddies — that  is,  by  subsidiary  and  reversed 
reactions — but  its  main  coiurse  seems  to  be  clearly  indicated.^ 

1  For  a  summary  of  our  knowledge  oonoeming  the  magmstic  gases  previous  to  the  work  of  Brun  and 
Chamberlin,  see  F.  C.  Lincoln,  Ecxm.  Geology,  yoL  2, 1007,  p.  258.  Lfaicoln  gives  a  good  table  of  analyses 
and  proposes  a  classification  of  the  volcanic  exhalations.  For  a  theoretical  discussion  relative  to  *'gas 
minerallzers''  in  magmas  see  P.  NiggU,^itschr.  anorg.  Chemie,  voL  75, 1012,  p.  161,  and  vol.  77, 1012,  p.  821. 
Also  Centralbl.  Min.,  Oeol  u.  PaL,  1012,  p.  321;  and  Oeol.  Rundschau,  vol.  3, 1012,  r.  472.  The  article 
*<  Volcano,"  by  F.  W.  Rudler,  in  the  eleventh  edition  of  the  Encyclopedia  Britannirra,  is  an  excellent 
sommary  of  the  whole  subject  of  volcanism. 


CHAPTER  K; 

THE  MOLTEN  MAGMA. 

T£MP£RATUR£. 

In  the  chapter  upon  volcanic  gases  the  question  of  temperatures 
was  purposely  left  vague,  knd  only  the  bare  fact  that  they  must  be 
high  was  taken  into  account.  For  an  inteUigent  study  of  the  mag- 
mas, however,  some  more  definite  estimates  of  temperatures  are  essen- 
tial, even  though  their  inferior  limits  can  alone  be  determined  with 
any  degree  of  certainty.  We  can  measure  the  temperature  at  which 
lavas  and  their  component  minerals  fuse,  under  ordinary  conditions 
of  pressure;  but  these  melting  points  are  modified  by  various  agencies 
within  the  depths  of  the  earth,  and  it  is  not  yet  possible  to  strike  a 
definite  balance  between  the  opposing  forces.  By  pressure,  which 
steadily  increases  as  we  descend  into  the  earth,  the  melting  points 
must  be  raised,^  but  on  the  other  hand  the  gases  that  we  know  to  be 
present  in  the  molten  mass  tend  to  lower  them,  and  the  latter  tend- 
ency is  probably  the  stronger.  The  fact  that  pressure  tends  to 
prevent  the  escape  of  dissolved  vapors,  and  so  to  increase  fluidity, 
must  also  be  taken  into  account.  It  should  be  remembered,  more- 
over, in  any  reasoning  upon  the  unerupted  magma,  that  the  tempera- 
ture at  which  it  can  retain  the  Uquid  state  is  a  minimum,  and  that 
actually  it  may  be  very  much  hotter.  The  temperature,  furthermore, 
is  beUeved  to  increase  with  the  depth;  but  we  can  do  no  more  than 
to  surmise  what  the  conditions  may  be  miles  below  the  apparent 
surface  pf  the  lava  column.'  Although  the  characteristics  of  the' in- 
dividual rock-forming  minerals  will  not  be  generally  discussed  untfl 
the  next  chapter  is  reached,  our  knowledge  of  their  melting  points 
may  properly  be  summed  up  here.  It  is  only  within  recent  yeai-s 
that  anything  like  accurate  measurements  of  high  temperatures  have 
been  possible,  and  therefore  the  few  and  scattered  older  data  can  be 
ignored.'  The  development  of  the  thermocouple  by  C.  Barus  in 
the  United  States  (jeological  Survey,  and  by  H.  Le  Chateher  in 
France,  and  the  use  of  the  Soger  cones  in  the  ceramic  industry,  have 

^  Estimates  of  the  change  in  fusibility  due  to  pressure  have  been  made  by  Lord  Kelvin,  PhUos.  Mag., 
5th  ser.,  voL  47, 1899,  p.  66;  C.  £.  Stromeyer,  Mem.  Manchester  Lit.  Philos.  Soc.,  vol.  44,  No.  7, 1900,  and 
J.  H.  L.  Vogt,  Min.  pet.  Mitt.,  yoI.  27, 1906,  p.  105.  The  fundamental  data,  however,  are  few  and  unsat- 
htactory.  On  the  influence  of  pressure  in  producing  chemical  changes  in  deep-seated  rocks,  see  J.  W. 
Jadd,  Jour.  Chem.  Soc.,  voL  57, 1890,  p.  404. 

>  For  eatimatee  of  temperatures  far  within  the  earth,  see  Clarence  King,  Am.  Jour.  Sci.,  3d  aer.,  voL  46, 
1803,  p.  7;  O.  Fisher,  idem,  4th  ser.,  vol.  11, 1901,  p.  414;  F.  R.  Moulton,  cited  by  T.  C.  Chamberlin,  Jour. 
Geology,  voL  5, 1897,  p.  674;  and  A.  C.  Lunn,  in  Chamberlin  and  Salisbury's  Geology,  vol.  1, 1901,  p.  562. 
All  the  estimates  reach  exceedingly  high  figures,  but  they  are  based  upon  v«ry  doubtful  extrapcjations. 
It  is  coooelvable  that  the  increase  of  temperature  with  depth  may  reach  a  limit  which  it  can  not  exceed. 

>  See,  for  example,  A.  Bchertel  and  T.  Erhard,  BeibUitter,  1879,  p.  347;  and  Schertel,  idem,  1880,  p.  542. 
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placed  high-temperature  pyrometry  upon  a  new  footing  and  have 
made  practicable  the  class  of  determinations  which  we  now  require. 

In  1891  J.  J0I7  ^  described  an  instrument  (the  meldometer)  by 
means  of  which  the  niAJfing  points  of  minerals  could  be  rapidly  and 
easily  determined,  and  several  years  later  R.  Cusack  '  reported  a 
considerable  number  of  measurements  made  with  its  aid.  The  in- 
strument consisted  of  a  thin  ribbon  of  platinum,  upon  which  the  min- 
eral to  be  examined,  in  very  fine  powder,  was  placed.  The  particles 
of  mineral  dust  were  observed  with  a  microscope;  the  ribbon  was 
heated  with  an  electric  current;  and  from  the  expansion  of  the  plati- 
num,  which  was  measurable,  the  temperature  was  ascertained.  For 
the  method  by  which  tiie  meldometer  was  caUbrated  the  original 
memoir  may  be  consulted. 

C.  Doelter,*in  recent  years,  has  made  many  melting-point  deteimina- 
tions  by  means  of  a  thermoelectric  couple.  In  his  earUer  work  the  min- 
erals were  fused  in  a  gas  furnace;  later  an  electric  furnace  was  used. 

The  determinations  by  A.  Brun  ^  were  published  in  1902  and  1904. 
His  fusions  were  effected  in  a  muffle  furnace,  heated  by  a  mixture  of 
oxygen  and  illuminating  gas,  and  the  temperatures  were  measured  by 
comparison  with  Soger  cones.  The  crystallized  mineral  was  mounted 
on  a  slender  peduncle  of  platinum,  and  so  placed  that  it  was  heated  by 
radiation  from  the  walls  of  the  muffle  out  of  contact  with  the  flame. 

In  all  of  the  determinations  represented  by  the  foregoing  investiga- 
tions the  subjective  element  has  been  large.  The  tested  samples  were 
watched  and  the  human  eye  was  trusted  to  determine  when  soften- 
ing began  and  when  fusion  was  complete.  Greater  exactness  has  been 
secured  in  the  researches  conducted  by  A.  L.  Day  and  his  colleagues  * 
in  the  geophysical  laboratories  of  the  United  States  Geological 
Survey    and    the   Carnegie   Institution   upon    almost   ideally   pure 

>  Proc.  Roy,  Irish  Acad.,  3d  ser.,  vol.  2, 1891,  p.  38. 

s  Idem,  voL  4, 1806,  p.  8W. 

I  Min.  pet.  Mitt,  vol.  20, 1901,  p.  211;  voL  21, 1902,  p.  23;  vol.  23,  1903,  p.  297;  SiUimgsb.  Aked.  Wlan, 
VOL  114,  1906k  p.  529;  voL  115,  Abth.  1,  July,  1906.    Ttie  determliuitioDS  died  are  from  his  third  paper. 

«  Arch.  acL  phys.  nat.,  4th  ser.,  voL  13, 1902,  p.  552;  vol.  18, 1904,  p.  537.  For  the  details  oT  Brun's  deter- 
minatiniM,  see  his  vohune  Recherches  sur  I'exhalaisoQ  volcanique,  Geneva,  1911.  There  are  also  some 
determinatlaDS  by  W.  0.  Roberta-Aosten,  otted  by  Lord  Kelvin,  Philos.  Hag.,  5th  ser.,  voL  47, 1800,  p.  6; 
others  b^  J.  H.  L.  Vogt,  published  in  part  2  of  Die  SfUkatsohmelxiasungen,  and  a  few  by  W.  Hempel; 
Der.  V  Intemat.  Kong,  angew.  Chemie,  voL  1, 1904,  p.  726.  For  data  oo  shales  and  clays,  see  W.  C.  Heraeos, 
Zeitschr.  angew.  Chemie,  1906,  p.  40.  For  several  rare  minerals,  see  H.  L.  Fletcher,  Sd.  Proc.  Royal  Dub- 
lin Soc.,  voL  18, 1913,  p.  443.  For  Japanese  minerals,  Y.  Yamashita  and  M.  Majima,  Sd.  Rept.  Tohuku 
Univ.,  voL  2, 1918,  p.  175.  On  methods,  with  a  oompUation  of  data,  A.  L.  Day,  Fortschr.  Min.,  Kryst.  u. 
Pet.,  voL  4, 1914,  p.  115. 

•  A.  L.  Day  and  E.  T.  Allen,  Am.  Jour.  Sd.,  4th  ser.,  vol.  19, 1906,  p.  93,  on  the  feldspars.  E.  T.  Allen 
and  W.  P.  White,  idem,  vol.  21, 1906,  p.  100,  on  wollastonite.  A.  L.  Day  and  £.  S.  Shepherd,  idem,  voL 
22,  1906,  p.  266,  oo  the  Ume^ilica  series.  E.  T.  Allen,  F.  E.  Wright,  and  J.  K.  Clement,  idem,  voL  22, 
1906,  p.  ^  on  magnesium  metasiUcate.  E.  T.  Allen  and  W.  P.  White,  idem,  vol.  27, 1909,  p.  1,  oiLdiop- 
slde,  etc  B.  S.  Shepherd  and  O.  A.  Rankin,  idem,  voL  28, 1909,  p.  203,  on  binary  systems  of  «^i»mif» 
with  silica,  Ume,  and  magnesia,  For  a  summary  of  these  determinations,  with  corrections,  see  A.  L.  Day 
and  R.  B.  Sosman,  Am.  Jour.  Sd.,  4th  ser.,  vc^  81, 1911,  p.  841.  The  corrected  figures  are  given  in  the 
foUowing  table.  Later  papers  by  N.  L.  Boweo,  Aul  Jour.  8oL,  4th  ser.,  voL  88, 1912,  p.  554;  toL  88, 1914, 
p.  218,  and  N.  L.  Bowen  and  O.  Andetsen,  idem,  voL  87,  1914,  p.  487,  are  also  important.  Mixtures 
similar  to  the  last  have  also  been  studied  by  R.  Rieke,  Chem.  Abet.,  voL  2,  1908,  p.  985,  from  Stahl  u. 
Eisen,  voL  28. 
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artificial  miii0rals,  and  wdth  thermoelectric  couples  which  had  been 
calibrated  by  oomparison  with  the  standards  at  the  Physikahsche 
Reichsanstalt  at  Berlin.  In  these  measurements  the  malting  points 
were  determined  by  noting  the  exact  temperatures  at  which  abrupt 
absorptions  of  heat  occurred,  thus  avoiding  erroiB  of  judgment. 

From  the  great  mass  of  data  now  ayailabld  I  have  compiled  the 
following  table,  ^duch  well  exhibits  the  great  divergence  between  the 
(Ader  and  the  newest  determinations.  •  The  table  might  be  greatly 
extended,  but  so  many  of  the  published  figures  relate  to  unanalyzed 
minerals  that  their  value  is  problematical.  Additional  data  will  be 
given  in  Chapter  X,  in  describing  individual  species. 

Melting  points  i^C.)  of  various  minerals ^  as  determined  by  different  investigators. 

Peldapan  and  MAaprnthoMa. 


Ifinenl. 


Anorthitey  natural. . 
Anorthite»  artificial. 

AiisAbi,  artificial 

AiuAbi,  artificial.... 

Labradorite 

Andesine 

An,Abi,  artificial.... 

An,  Aba,  artificial 

A]i,Abs,  artificial. . . 

Oligoclafle 

Albite 

Orthoclaee. 

Leucite 

Nepheline,  artificial. 


Joly. 


Cusack. 


1, 16&-1, 210 


1,230 


1, 22a-l,  235 


1,220 
1,175 


1, 040-1, 210 
1, 155-1, 185 


1,172 


1,298 
1, 059-1, 070 


Doeltor. 


Brun. 


1, 490-1, 520 
1, 544-1, 562 


1,370 
1,280 


1,135-1,185 
1, 116-1, 170 
1,185-1,220 
1, 275-1, 315 
1, 105-1, 125 


1,260 
1,^9 


1, 410-1, 430 
1,270 


Dayetal. 

■ » '  ■      ■ 


1  550 

i,5ie 

1,477 


1,480 

1,375 

al,340 


1,526 


a  Approximate.    VUoosity  preventa  eacact  measuremeats. 


,f 


mneraJ. 


Cusack. 


Doettcr. 


1, 203-1, 208 


1,187-1,195  1,135-1,265 


1, 230-1, 255 


Enstatite 1, 375-1, 400 

IjbggiO^  artificial 

i^llaatonite  « 

OftSiO,.  artificial 

Diopsiae,  natural 

Dio^de,  artificial 

Angite 

Tranolite 

Hornblende 

(mvine 1.342-1,878 

Qnartsc |  1,425 

Nfagnetite 

Hematite 

Flnorite. 

Sillimanite 


1, 187-1, 199 
1, 219-1, 223 
1, 187-1, 200 


1, 085, 1, 200 
1, 200-1, 220 
1, 065-1, 155 
1,265-1,410 


1, 190-1, 225 
1,350-1,400 


Bran. 


1,366 
1,515 
1,270 


1,230 
1,270 
1, 060-1, 070 
1,750 
1,780 


DojetaL 


1,557 
1,646 


ftl,  391 


1,625 


1,300 
1,270 


I 


<«1,387 

1,816 


•  Wollastonite  has  no  true  melting  point.   At  1,190*  it  passes  into  the  pseadotaflKacooal  form,  whioii 
melts  at  l  540*. 

*  A  much  lower  value,  1,225*,  was  given  by  Voet. 

e  Moreproperly  silica.    Quartz  is  transformed  into  cristobalite  or  tridymite  at  about  800*.  and  has  no 

trae  meituig  point  of  its  own.    Roberts- Austen  gives  the  melting  point  of  silica  as  1,775*  and  Hempel  as 

,685*.    Alumina  (corundum?)  melts,  according  to  Hempel,  at  litSO*,  magnesia  at  2^60*,  and  lime  at 

lioo*.    Acoordingt  " ^'■-     '^-'  -  -  -        -     '-     

]lgOat2,800*,^tO 

350)  JNltS  thO  mOltinl^  '^^w..  v.  ^^.^^  ».  .I^^w    .       ^^vwiuu^e   w  ±  .  s^.  ^u^iwrat  v«''«u  »•<»■'<>  ."tu.,  -^^wa.  u.   ..  »«.. 

1906.  pp.  667, 728),  trid3rmite  melts  as  low  1.560*,  and  shows  incipient  fusion  at  1,500*.    J.  B.  Ferguson  ana 
H.  E.  Merwln  (Am.  Jour.  Sci.,4thser.,  vol.  ~    " '  


dymite  at  1,710% 


46, 1018,  p.  417)  find  that  cristobalite  fuses  at  U^d^*  «sA\xNr 
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.  A  few  other  interesting  determinations  of  melting  point  have  been 
given  by  G.  Stein,  who  used  the  Wanner  pyrometer.^  Quartz,  or 
rather  silica,  became  a  viscous  semifluid  at  1,600^,  and  was  com- 
pletely liquid  at  1,750^.  Above  the  latter  temperature  it  sublimes. 
For  several  artificial  silicates,  corresponding  to  natural  minerals,  the 
following  melting  points  were  observed:  CaSiOa,  19512^;  MigSiO,, 
1,565^  FeSiO,,  1,500^  to  1,660^;  MnSiO,,  1,470^  to  1,600^;  Mg^SiO^, 
below  1,900'';  Zn2Si04,  1,484''.  There  is  also  a  research  by  E. 
Dittler,'  in  Doelter's  laboratory,  in  which  the  work  of  Day  and  his 
colleagues  is  criticized,*  and  the  attempt  is  made  to  show  that  their 
melting  points  are  much  too  high.  For  example,  Dittler  gives  1,310^ 
as  the  melting  point  of  artificial  anorthite,  and  1,200^  as  that  of  the 
natural  mineral.  What  Dittler  has  observed,  however,  seems  not  to 
be  the  melting  points  as  defined  by  Day,  but  rather  temperatures  at 
which  the  crystallized  substances  begin  to  show  transitions  into  the 
very  viscous  amorphous  forms.  This  is  suggested  by  the  second 
paper  of  Brun,  in  which  he  gives  the  following  determinations: 
Artificial  anorthite  melts,  as  measured  by  a  calorimetric  method, 
between  1,544^  and  1,562^.  Japanese  anorthite  fused  at  1,490^, 
alUte  at  1,259'',  olivine  at  about  1,750'',  woUastonite  at  1,386",  and 
the  hexagonal  calcium  metasilicate  at  1,515".  In  the  ^EM9sy  state 
the  artificial  anorthite  begins  to  show  deformation  at  1 ,083"  to  1 ,1 10", 
and  it  crystallizes  between  1,210"  and  1,250".  The  albite  glass 
softens  at  1,177".  These  lower  temperatures  accord  fairly  with  those 
determined  by  Cusack,  Doelter,  and  Dittler,  who  seem  to  have  ob- 
served them  rather  than  the  true  melting  points.  Other  discordances 
ar0>  due  to  differences  between  the  substances  examined,  for  natural 
minerals  are  rarely  pure,  and  in  the  pyroxene-homblende-oUvine 
series  the  variations  due  to  isomorphism  are  very  large.  One  augite, 
for  example,  contains  much,  another  little,  iron;  calciunr'and  magne- 
sium also  vary  in  their  proportions,  and  so  on.  In  these  series,  gen- 
erally speaking,  the  melting  point  falls  as  the  percentage  of  iron 
increases.  The  presence  of  water  in  a  mineral  has  also  a  lowering 
effect  upon  the  melting  point,  and  this  impurity  is  not  often  entirely 
absent.  The  figures  given,  therefore,  do  not,  except  in  those  from 
the  Geophysical  Laboratory  and  in  one  or  two  other  cases,  refer  to 
ideally  pure  compounds,  but  to  the  natural  minerals  with  aD  their 
defects  of  composition.  They  help  us  to  form  some  idea  of  the 
temperatures  which  govern  volcanic  phenomena,  but  we  can  not 
reason  upon  them  as  if  they  were  precise  and  definite.  They  also 
furnish  us  with  some  checks  that  we  can  use  in  studying  the  order  of 

i  ZeitMdir.  anorg.  Chemie,  vol.  55, 1907,  d.  150. 

*  Idem,  TOl.  00, 1911,  p.  273. 

•  For  a  r^ly  to  Qrttidimeww  Day  Mid  Sotouo,  Am.  Jour.  Soi.,  4th  ser.,  vol.  31,  lOll,  p.  34i. 
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formation  of  minerals  when  a  molten  lava  cools,  althougli  here  again 
the  data  should  be  handled  with  great  caution.  A  comparison  of  t«he 
different  figures  for  the  melting  point  of  the  same  mineral,  say  for 
leucite  or  olivine,  will  show  how  great  the  existing  uncertainties 
really  are.  Furthermore,  many  of  the  published  melting  points  have 
no  real  significance.  Some  of  the  minerals  for  which  melting  points 
have  been  recorded  break  down  into  other  substances  before  or  during 
fusion,  a  fact  of  which^run  has  taken  notice  in  a  number  of  instances. 
The  micas,  for  example,  for  which  Doelter  gives  several  determinar- 
tions,  lose  water  and  are  transformed  into  other  silicates  or  mixtures 
of  silicates,  whose  precise  character  is  unknown.  Garnet,  when 
fused,  also  splits  up  into  two  or  more  compounds,  and  in  such  cases 
the  recorded  melting  points  are  meaningless. 

In  the  geological  interpretation  of  the  melting  points  there  is  one 
particularly  dangerous  source  of  error.  We  must  not  assume  that 
the  temperature  at  which  a  given  oxide  or  silicate  melts  is  the  tem- 
perature at  which  a  mineral  of  the  same  composition  can  crystallize 
from  a  magma.  Many  substances  exist  in  more  than  one  modificar 
tion,  and  certain  forms,  which  often  correspond  to  natural  minerals, 
are  developed  only  at  temperatures  far  below  the  apparent  points  of 
fusion.  Quartz,  for  example,  ceases  to  be  quartz  and  becomes  tridy- 
mite  long  before  it  fuses;  wollastonite  is  transformed  into  a  pseudo- 
hexagonal  substance  wliich  is  unknown  as  a  mineral  species,  and  the 
melting  point  of  magnesium  metasilicate,  imder  ordinary  conditions, 
is  not  that  of  the  orthorhombic  enstatito,  but  of  a  monoclinic  variety. 
In  these  instances,  which  will  be  taken  up  in  detail  in  the  next  chap- 
ter, the  transition  temperatures,  at  which  one  form  changes  to 
another,  are  geologically  as  important  as  the  melting  points,  and 
perhaps  of  even  greater  value.  They  are  the  temperatures  above 
which  the  several  species  can  not  form,  and  therefore  they  are  of  the 
utmost  significance.  Silica  crystallizes  as  quartz  only  below  800®; 
wollastonite  can  not  exist  above  1,190°;  and  so  the  formation  of 
either  mineral  in  a  rock  tells  us  something  of  the  conditions  imder 
which  it  solidified.  As  yet  the  data  of  this  class  are  unfortxmately 
few,  but  their  number  is  likely  to  become  much  greater  within  the 
near  future.* 

For  the  direct  study  of  the  igneous  rocks  themselves,  the  available 
melting-point  measurements  are  veiy  few.  Mixtures,  such  as  rocks, 
unless  they  happen  to  be  eutectic,  have  no  distinct  melting  points, 
and  two  temperatures  at  least  should  be  determined  for  each  example. 

>  For  a  discussion  of  the  application  of  these  temperature  relations  to  geological  occurrences  see  J. 
Koenigsberger,  Econ.  deology,  vol.  7,  1912,  p.  070,  and  Neues  Jahrb.,  Beil.  Band  32,  1911,  p.  191. 

113750*'— li>— Bull.  01)0 19 
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The  following  temperatures^  observed  by  Doelter,*  will  serve  to 
illustrate  this  point: 

Melting  paivis  (^C.)  of  various  igneous  rocis. 


Rock. 


Granite,  Predazzo . . 
Monzonite,  Predazzo 

Lava,  VeeuviuB 

Lava,  Etna 

Basalt,  Remagen . . . 

Limbur^te 

Phonolite 

Nepheline  syenite .  . 


Softens. 

Becomes  fluid. 

1,150-1,160 

1,240 

1,11^1,125 

1,190 

1,030-1,060 

1,080-1,090 

962-970 

1,010-1,040 

992-1, 020 

1,060-1,075 

995-1,000 

1,050-1,060 

1,060 

1,090 

1,040-1,060 

1,060-1.100 

According  to  A.  Brun,'  the  basalt  from  Stromboli  begins  to  soften 
at  1,130°,  and  at  1,170°  it  becomes  pasty.  The  still  molten  rock  con- 
tains crystals  of  augite  whose  melting  point  he  places  at  1,230°.  The 
temperature  at  which  the  basalt  soUdified,  therefore,  can  not  exceed 
that  figure,  and  may  have  been  much  lower.  Similar  reasoning  has 
been  employed  by  C.  Doelter,'  based  upon  the  presence  of  leucite  in 
Vesuvian  lava.  Doelter,  however,  assigned  to  leucite  a  melting  point 
which  is  certainly  too  low,*  and  his  computations,  which  must  be 
revised,  need  not  be  considered  further.  All  we  can  now  say  with 
certainty  is  that  the  temperature  of  an  emerging  lava  must  be  above 
that  at  which  it  begins  to  solidify.  That  temperature  is  rarely,  if 
ever,  below  1,000°  C,  and  the  actual  temperature  not  long  before 
emission  may  be  hundreds,  perhaps  a  thousand,  degrees  higher.  The 
temperature  of  the  lava  pool  at  Ealauea,  as  determined  by  Day  and 
Shepherd,  was  almost  exactly  1,000°.  Lava  at  Torre  del  Greco,  says 
A,  Geikie,'^  fused  the  sharp  edges  of  flints  and  decomposed  brass,  the 
copper  actually  crystalUzing.  From  its  effect  on  flint,  it  would  seem 
that  its  temperature  could  hardly  be  below  1,600°,  at  which  point 
siUca  softens.  If,  however,  the  apparent  fusion  was  due  to  a  solvent 
action  of  the  molten  lava,  the  argument  in  favor  of  a  high  tempera- 
ture breaks  down.  A  careful  study  of  the  conditions  under  which 
silicates  have  been  sublimed  at  Vesuvius  might  shed  much  light  on 
the  problem.  •* 

»  Min.  pet.  Mitt.,  vol.  21,  1902,  p.  23.  J.  A.  Douglas  (Quart.  Jour.  Gool.  Soe.,  vol.  63,  1907,  p.  145),  has 
also  made  a  number  of  similar  determinations,  and  has  measured  the  increase  of  volume  which  minerals 
exhibit  in  passing  from  the  crystalline  to  the  glassy  phase.  Such  an  increase  is  probably  the  rule,  but  A. 
Fleischer  (Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  57, 1905,  p.  201  (Monatsb.);  vol.  59, 1907,  p.  122)  has  shown 
that  molten  basalt  and  some  slags  expand  on  solidification.  See  also  A.  Harker,  Natural  history  of  igneous 
rocks,  p.  158. 

*  Arch.  sci.  phys.  nat.,  4th  ser.,  vol.  13,  1902,  p.  367. 
>  Sltzungsb.  Akad.  Wien,  vol.  112,  1908,  p.  681. 

*  See  preceding  table  of  melting  points.  Preliminary  experiments  by  A.  L.  Day  have  shown  that  the 
melting  point  of  leucite  is  certainly  above  1,500°. 

*  Text-book  of  geology,  4th  ed.,  p.  304. 

*  On  temperatiu-es  at  Etna  see  G.  Platania,  Atti  R.  accad.  Lincei,  ser.  5,  vol.  21  (1;,  1D12,  p.  499.  The 
figures  obtained  and  those  cited  from  others  are  very  variable.  Variations  in  the  composition  of  the  lava, 
sad  especially  in  its  conUnXs  oi  gases,  will  account  (or  some  of  the  discrepancies. 
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INFLUENCE  OF  WATER. 

So  far  the  measurements  cited  in  this  chapter  relate  to  dry  fusion 
or  to  the  fusion  of  minerals  containing  only  insignificant  quantities 
of  hygroscopic  water.  Within  a  volcano,  apparently,  the  conditions 
are  quite  different,  and  there  the  presence  of  water  must  be  taken 
into  account,  together  with  the  gases  which  are  so  powerfully 
operative  in  producing  explosions.  The  magma,  before  eruption, 
is  something  very  different  from  the  smoothly  flowing  stream  of 
lava,  for  it  is  heavily  charged  with  aqueous  vapor  and  other  gases, 
under  great  pressure,  exactly  as  the  soda  water  in  an  ordinary 
siphon  bottle  is  loaded  with  carbon  dioxide.  When  the  pressure  is 
released  the  gases  escape  with  explosive  force,  carrying  the  liquid 
matter  with  them.  *  In  the  eruption  of  a  volcano  this  process  pro^ 
duces  a  great  quantity  of  fiery  spray,  which  sohdifies  in  the  form  of 
volcanic  ash^  while  other  portions  of  the  foaming  surface  of  the  lava 
cool  to  pumice-  When  the  lava  stream  itself  appears  its  efferves- 
cence has  laigely  ceased,  and  it  exhibits  the  ordinary  phenomena  of 
a  cooling  hquid. 

The  condition  of  the  water  which  is  contained  within  a  magma 
is  perhaps  best  explained  by  certain  experiments  of  C.  Barus,^  who 
found  that  colloid  substances,  in  presence  of  solvents,  swell  up 
enormously,  and  that  at  high  temperatiu'es  the  swollen  coagulum 
passes  into  a  clear  and  apparently  homogeneous  solution.  This 
observation  he  extended  to  mixtures  of  ordinary  soft  glass  and 
water,  which  he  heated  in  closed  steel  tubes  to  210°  C.  Under  these 
conditions  210  grams  of  glass  with  50  grams  of  water  formed  a  resi- 
nous opalescent  mass,  in  which  all  the  water  was  absorbed.  This 
substance,  to  which  Barus  gave  the  name  of  ** water  glass,"  when 
heated  in  air,  swells  up  enormously,  loses  water,  and  forms  a  true 
pumice.  By  ordinary  exposure  to  air  the  substance  slowly  disinte-. 
grates.  Salts  dissolved  in  the  water  do  not  enter  the  glass,  which 
acts  in  that  respect  hke  a  semipermeable  membrane.  Hard  glasses 
are  more  refractory;  but  it  is  probable  that  at  the  temperatures 
and  pressm-es  existing  within  a  volcano,  aU  of  the  siUcates  would  act 
in  a  similar  way  and  give  similar  solutions.  This  may  enable  us  to 
form  some  notion  of  the  imerupted  magma,  with  its  dissolved  gases, 
and  the  changes  which  it  undergoes  when  tlie  pressure  upon  it  is 
reheved.  One  effect  of  the  water  would  be  to  reduce  the  tempera- 
ture  at   which   liquidity   could    be   maintained.     An   obsidian,    in 

1  This  oomparisoD  of  a  volcano  with  a  bottle  of  soda  water  or  champagne  has  been  developed  by 
S.  Heunler.  He  assumes  that  the  water  was  originally  occluded  or  combined  in  the  rocks  and  when  the 
latter,  by  displacement,  are  brought  into  the  region  of  high  temperature,  their  aqaeous  content  is  set 
freeand  an  explosion  becomes  possible.  See  La  Nature,  vol.  30,  pt.  1, 1902,  p.  386.  Also  Jour.  Washington 
Acad. 8ci.,  vol.  4, 1914,  p.  213. 

«  Am.  Jour.  Sci.,4th  ser.,  vol.  9,  1900,  p.  IGI.  The  name  ''water  glass,"  as  used  by  Barus,  Is  unfor- 
tunate,for  it  already  belonged  to  the  soluble  alkaline  silicates  and  had  been  m  cuti^uV  vi<&«V^x  ts^scsv'^  ^tS^^x^* 
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presence  of  water,  was  found  by  Bams  to  fuse  at  about  1,250^,  while 
the  resulting  pumice  melted  at  1,650°,  approximately.  * 

MAGMATIC   SOLUTIONS. 

So  far  as  we  can  determine,  then,  the  magma,  previous  to  eruption, 
is  a  mass  of  rock-forming  matter,  in  a  state  of  fusion,  and  heavily 
charged  with  gases  under  enormous  pressure.  To  what  extent  and 
how  its  temperature  may  vary  we  do  not  know,  but  the  pressiu*e 
mast  fluctuate  widely.  It  is  through  overcoming  pressure  that 
eruptions  become  possible.  Then  gases  and  water  are  laigely 
expelled,  and  a  fluid  or  viscous  lava,  very  different  from  the  original 
magma,  remains.  By  pressure,  furthermore,  the  temperature 
heeded  to  produce  complete  fluidity  is  raised,  and  this  fact  is  em- 
phasized by  the  phenomena  of  resorption.  A  mineral — ^like  quartz, 
for  example — may  crystallize  within  a  viscous  magma,  but  when 
the  pressiu'e  is  reduced  its  temperature  of  fusion  falls,  and  partial 
or  complete  re-solution  may  take  place.  These  partly  redissolved 
minerals  are  familiar  objects  to  the  pctrologist. ' 

Whether  the  magma  itself,  at  great  depths,  is  homogeneous  or 
not  is  an  open  question,  but  it  is  not  emitted  homogeneously. 
Different  lavas  issue,  not  only  from  neighboring  vents,  but  succes- 
sively from  the  same  opening  during  a  series  of  eruptions.  To 
determine  the  cause  of  these  differences  is  one  of  the  great  problems 
of  petrology,  and  many  solutions  of  it  have  been  proposed,  dis- 
cussed, and  either  abandoned  or  partly  accepted.  To  discuss  these 
attempts  in  detail  does  not  fall  within  the  scope  of  this  memoir,  but 
the  evidence  upon  which  they  rest,  so  far  as  it  touches  chemistry, 
must  be  briefly  considered.  ^ 

From  a  physicochemical  point  of  view  a  molten  rock  is  to  be 
regarded  as  a  solution,  behaving  in  aU  essential  particulars  exactly 
like  any  other  solution.  One  or  more  minerals  are  dissolved  in 
another,  as  salt  dissolves  in  water;  or,  better,  they  are  mutually 
dissolved,  hke  a  mixture  of  water  and  alcohol.  We  can  not  reaUy 
say  that  in  such  a  mixture  one  substance  is  the  solvent  and  the 
othere  are  the  solutes,  for  the  distinction  is  not  a  sound  one,  however 

1  Compare  F.  Guthrie,  Philos.  Mag.,  5th  scr.,  vol.  IS,  18S4,  p.  ll7,  on  the  change  from  obsidian  to 
pumice  by  extrusion  of  water. 

«  A  good  example  of  the  resorption  of  olivine  in  a  basalt  is  given  by  C.  N.  Fenner,  Am.  Jour.  Sci.,  4th 
ser.,  vol.  29, 1910,  p.  230.  The  author  discusses  other  physicochemical  relations  of  a  basaltic  magma  at 
some  length. 

s  For  good  summaries  on  magmatic  differentiation,  see  J.  P.  Iddings,  The  origin  of  igneous  rocks:  Bull. 
Philos.  Soc.  Washington,  vol.  12, 1892,  p.  89;  W.  C.  Brogger,  Die  Eruptivgesteine  des  Kristianiagebietes, 
pi.  3, 189$,  p. 334;  and  F.  Loewlnson-Lesslng,  Compt. rend.  VII  Cong,  g^l.intcrnat. ,  1897,  p.  308.  These 
are  only  a  few  among  many  memoirs  dealing  more  or  less  fully  with  the  sut)ject.  Loewinson-Lessing's 
paper  is  rich  in  literature  references.  For  a  criticism  adverse  to  the  idea  of  magmatic  differentiation 
see  F.  Fouqno,  Bull.  Soc.  min.,  vol.  2.'>,  1902,  p.  319.  On  magmatic  differentiation  in  Hawaii,  see 
R,  A.  Daly,  Jour.  Geology,  vol.  19, 1911,  p.  289. 
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convenient  it  may  be  in  ordinary  cases.*  The  different  molten 
substances  dissolve  one  another,  and  if  there  are  any  limits  to  their 
miscibility  they  have  not  been  determined.  I  speak  now,  of  course, 
with  reference  to  the  constituents  of  an  ordinary  fluid  lava,  and 
these  are  mostly  silicates — that  is,  metallic  salts. 

The  more  familiar  aqueous  solutions  of  salts  are  electrolytes,  and 
in  them  the  compounds  are  believed  to  be  dissociated  into  their  ions. 
This  dissociation  is  complete  only  at  infinite  dilution;  in  concentrated 
solutions  it  is  partial,  and  in  a  saturated  solution  its  amount  may  be 
comparatively  small.  In  a  molten  magma  probably  all  of  tliese 
conditions  hold,  for  as  a  solution  it  is  dilute  with  respect  to  its  minor 
components  but  highly  concentrated  as  regards  the  more  essential 
minerals.  As  a  solution  of  apatite  or  rutile  it  may  be  very  weak; 
as  a  solution  of  quartz,  feldspar,  or  pyroxene,  very  strong.  It  is, 
however,  a  conductor  of  electricity,  and,  therefore,  if  the  analogy 
between  it  and  ordinary  solutions  is  valid,  it  is  at  least  partiaDy 
ionized.  This  is  the  view  adopted  by  C.  Barus  and  J.  P.  Iddings,* 
who  studied  the  electrical  conductivity  of  three  molten  rocks,  for 
which  the  following  condensed  descriptions  may  be  cited  here: 

Melting  points  and  silica  content  of  three  igneous  rocks. 


Rock. 


Basalt 

IIornblende-mi<a  porphyry 
Rhyolite 


Approxi- 
mate melt- 
ing point. 


1,250 
],400 
1,500 


rerc«itage 
ofSiOs. 


48.49 
61.50 
75.50 


At  1,300''  the  basalt  was  quite  fluid,  but  at  1,700°  the  rhyolite 
was  still  viscid,  and  yet  the  conductivity  increased  with  the  viscosity 
and  with  the  silica,  in  spite  of  the  fact  that  silica  alone  is  probably 
an  insulator.  In  other  words,  the  fused  rocks  are  electrolytes,  and 
the  silicates  in  them  are  probably  more  or  less  dissociated  into  their 
ions.'  What  these  ions  are  we  do  not  yet  know;  but  their  ultimate 
identification  is  not  hopeless.  The  extent  of  the  ionization  is  also 
unknown,  but  its  existence  seems  to  be  estabUshed.     Furthermore, 

» G.  F.  Becker  (Twenty-first  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3,  1901,  p.  519)  proposes  to  regard  the 
eatectic  mixtures  as  the  true  solvent,  and  the  minerals  which  separate  from  them  as  the  solutes.  This 
suggestion  has  attracted  much  attention,  but  it  can  not  be  fully  utilized  until  we  know  what  the  eutectlcs 
really  are. 

•Am.  Jour.  Sci.,  3d  ser.,  vol.  44, 1892,  p.  242. 

'  The  coexistence  in  certain  rocks  of  antagonistic  minerals  like  quartz  and  magnetite  may  be  an  evidence 
of  dissociation.  They  should  react  to  form  a  silicate  of  iron,  but  we  can  readily  imagine  a  highly  viscous 
melt  as  solidifying  so  rapidly  that  all  of  the  ions  are  unable  to  find  their  proper  partners.  The  free  oxides 
thereof  appear  in  the  solid  product.  I  offer  this  as  merely  a  suggestion.  H.  J.  Johnston-Lavis,  Bull. 
Soc.  beige  gdologie.,  vol.  22, 1908,  p.  103,  has  attributed  the  quartz  in  a  particular  basalt  to  included  gneiss. 
Doelter  (Situmgsb.  Akad.  Wien,  vol.  113,  1904,  p.  169)  ascribes  the  early  separation  of  oxides  and  alumi- 
natesfirom  coolMg  magmas  to  dissociation. 
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since  the  several  silicates  are  present  in  a  magma  in  different  degrees 
of  concentration,  they  must  be  differently  ionized,  and  some  of  them 
to  a  much  greater  extent  than  others. 

When  a  salt  dissolves  in  water  the  temperatiu-e  of  solidification 
is  changed.  Water,  for  example,  freezes  at  O''  C,  but  the  addition 
of  23.6  per  cent  of  sodium  chloride  to  it  reduces  the  melting  or 
solidifying  point  to  —22®.  This  depression  of  the  melting  point 
is  quite  a  general  phenomenon,  and  from  it,  by  formulse  which  need 
not  be  considered  here,  the  molecular  weight  of  the  dissolved  sub- 
stance can  be  calculated.  In  alloys  a  similar  change  can  be  observed, 
and  in  some  cases  it  is  very  striking;  the  well-known  fusible  alloys, 
for  instance,  melt  at  temperatures  below  the  boiling  point  of  water. 

An  igneous  rock,  so  far  as  our  data  now  go,  exhibits  the  same 
peculiarity,  and  becomes  fluid  at  temperatures  below  the  average 
melting  point  of  its  constituent  minerals,  and  sometimes  lower  than 
the  lowest  among  the  latter.  Doelter's  figures,  as  cited  on  page  290, 
serve  to  illustrate  this  point,  although  the  depression  is  not  so  marked, 
as  in  the  more  familiar  cases  just  mentioned.  The  experiments  by 
Michaela  Vu^nik^  and  Berta  Vukits,^  who  fused  together  minerals  of 
supposedly  known  melting  points  and  observed  those  of  the  mixtures, 
tell  the  same  story.  In  some  cases,  however,  the  interpretation  of 
the  observations  is  complicated  by  chemical  reactions,  which  pro- 
duced new  salts;  and  it  is  also  affected  by  the  liabihty  of  glasses 
to  supercooling.  Attempts  to  compute  molecular  weights  from  the 
observed  depressions  gave  unsatisfactory  results,  and  led  to  no  defi- 
nite conclusions. 

N.  V.  Kultascheff's  investigations,^  although  not  rigorously  com- 
parable with  natural  phenomena,  point  in  the  same  direction.  Mix- 
tures of  NajSiOg  and  CaSiO,  were  studied,  the  first  salt  melting  at 
1,007°  and  the  second  at  a  temperature  above  1,400°.*  A  mixture 
of  80  per  cent  of  the  sodium  salt  with  20  per  cent  of  the  calcium  com- 
pound fused  at  938°,  and  even  greater  depressions  were  produced  by 
additions  of  the  still  less  fusible  silica.  Upon  adding  only  6.5  per 
cent  of  silica  to  the  sodium  silicate,  the  melting  point  was  reduced  to 
820°.  It  was  also  found  that  the  two  silicates  united  to  form  at 
least  two  double  salts,  a  fact  which  complicates  the  interpretation 
of  the  phenomena.^ 

1  C«ntralbl.  Mln.,  Gool.  u.  Pal.,  1904,  pp.  295,  340, 364. 

»Idem,pp.  705, 739. 

»  Zeitschr.  anorg.  Chemie,  vol.  35, 1903,  p.  187. 

« 1,540*  according  to  Allen  and  While.    See  table  of  melting  points,  p.  287. 

•  A  similar  study  ©(several  binary  mixtures  of  silicates  is  reported  by  R.  (\  Wallace,  Zeitschr.  anorg. 
Chemie,  vol.  63, 1909,  p.  1.  The  mixtures  examined,  however,  with  one  or  two  exceptions,  do  not  corre* 
spond  to  natural  minerals. 
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EUTECTICS. 

When  a  fused  rock,  or  mixture  of  similar  character,  solidifies,  it 
can  do  so  in  either  one  of  two  ways.  It  mar  solidify  as  a  unit, 
formmg  a  glass,  in  which  no  individualization  of  its  constituents  can 
be  detected,  or  it  may  solidify  as  a  mass  of  crystalline  minerals,  each 
one  exhibiting  its  own  peculiarities.  Between  these  extremes  many 
intermediate  conditions,  due  to  partial  crystallization,  are  possible, 
ranging  from  glass  containing  a  few  crjTstals  to  a  crystalline  mass 
with  some  glassy  remainder  left  over — that  is,  both  processes  may 
go  on  in  the  same  cooling  magma,  and  both,  of  course,  incompletely. 
The  more  viscous  the  lava  the  less  easily  its  materials  can  crystallize, 
and  hence  glasses  are  most  commonly  derived  from  magmas  rich  in 
sihca.     Obsidian  has  essentially  the  composition  of  rhyohte. 

Let  us  now  consider  what  will  happen  when  a  solution  solidifies  to 
a  crystalline  aggregate.  Take  for  example  a  solution  of  common 
salt  in  water,  which  freezes  at  —22°  C.  with  a  definite  proportion — 
namely,  23.6  per  cent — of  sodium  chloride  in  the  mixture.  Upon 
cooling  such  a  solution,  if  less  than  that  proportion  of  salt  is  present, 
ice  will  crystallize  first,  but  when  the  indicated  concentration  and 
temperature  have  been  reached  the  entire  mass — salt  and  water — ^will 
solidify.  If,  on  the  other  hand,  salt  is  in  excess  of  23.6  per  cent,  its 
hydrate,  NaC1.2H20,  wUl  fii-st  appear  and  continue  to  be  deposited 
until  the  point  of  equilibrium  has  been  attained.  Then  the  same  mix- 
ture will  solidify  as  in  the  other  case.  This  minimimi  temperatm*e, 
with  its  definite,  coiTesponding  concentration  of  salt  and  water,  is 
known  as  the  eutectic  point,  and  at  that  point  the  solution  and  the 
solid  have  the  same  composition.'  Above  the  eutectic  point  either 
salt  or  water  may  crystalhze  out,  that  substance  being  first  deposited 
which  is  in  excess  of  the  eutectic  ratio — the  ratio,  that  is,  of  23.6 
NaCl  to  76.4  HjO.  In  the  freezing  of  sea  water  the  sepai'ation  of 
nearly  pure  ice  is  seen,  because  the  water  is  largely  in  excess  of  the 
eutectic  proportions. 

When  two  salts  are  lused  together  and  allowed  to  solidify,  the  same 
order  of  phenomena  appears,  provided  that  certain  conditions  are 
satisfied.  First,  the  fused  salts  must  be  miscible — that  is,  soluble  in 
one  another.  If  this  condition  is  not  fulfilled  the  melt  will  separate 
into  layers.  Secondly,  they  must  not  be  capable  of  acting  upon  each 
other  chemically,  for  in  that  case  new  compounds  are  produced. 
Finally,  they  should  not  be  isomorphous  salts,  for  then  no  eutectic 
mixture  is  possible.  The  feldspars  albite  and  anorthite,  for  example, 
crystallize  together  in  all  proportions,  and  the  melting  points  of  the 

»  F.  Onthrie  regarded  these  saline  mixtures  with  water  as  definite  compounds,  which  be  termed  crj-ohy- 
drates.  See  Philos.  Mag., 4th  ser.,  vol.  49, 1875,  pp.  1, 206, 266;  6th  ser.,  vol.  17, 1884,  p.  4«2.  Seeabo  M. 
Bolofl,  Zeitschr.  physikal.  Chemie,  vol.  17, 1895,  p.  325. 
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mixed  crystals  form  a  series  with  no  eutectic  depression.    This  differ- 
ence between  isomorphous  and  eutectic  mixtures  is  fundamental. 

Since,  now,  the  fusing  point  of  a  lava  generally  falls  below  the 
average  melting  point  of  its  constituent  minerals,  the  forgoing  con- 
siderations may  be  applied  to  its  investigation.  Some  of  its  compo- 
nents \^dll  form  isomorphous  mixtures,  but  a  part  of  it  will  represent 
eutectic  proportions  which  differ  with  the  varying  composition 
of  different  rocks.  In  each  case  the  substances  ^at  are  in  excess 
of  the  eutectic  ratios  are  likely  to  crystallize  first,  and  the  eutectic 
mixture  itself  will  probably  be  found  in  the  groundmasSi  or  solidi- 
fied mother  liquor,  from  which  the  crystals  have  separated.  From 
this  point  of  view  the  study  of  the  eutectics  becomes  fimdamentally 
important  in  the  study  and  classification  of  igneous  rocks,  for  they 
chiefly  determine  the  character  and  order  of  deposition  of  the  pheno- 
crj'sts.  There  are  doubtless  other  factors  in  the  problem,  but  this  one 
is  the  most  fundamental  and  characteristic.  So  far  none  of  the 
eutectics  in  question  have  been  positively  identified,  although 
various  attempts  to  indicate  them  are  on  record,  with  results  which 
may  or  may  not  be  verified.  In  Kultascheff's  experiments  with 
sodium  and  calcium  silicates  two  eutectic  points  were  noted,  which 
represented,  however,  not  a  single  natural  mixture,  but  a  series  of 
artificial  mixtures  wherein  both  of  the  original  compounds  and  two 
double  salts  took  part.  H.  O.  Hofman's  work  ^  on  artificial  slags, 
containing  iron  and  calciimi  silicates,  also  tells  us  something  about 
possible  eutectic  points,  and  other  valuable  data  are  given  in  the 
memoir  by  A.  L.  Day  and  E.  S.  Shepherd  *  on  the  compounds  of  lime 
and  silica.  The  mixtures  studied  in  the  latter  investigation,  how- 
ever, do  not  correspond  to  any  known  natural  associations. 

F.  Guthrie,^  to  whom  the  expression  *^ eutectic''  is  due,  was  the  first 
to  point  out  the  applicability  of  his  researches  to  the  study  of  igneous 
rocks,  and  of  late  years  his  suggestions  havQ  received  much  attention. 
J.  J.  H.  Teall  *  was  one  of  the  first  to  develop  the  subject,  and  he 
indicated  a  micropegmatite,  with  62.05  per  cent  of  feldspar  and  37.95 
per  cent  of  quartz,  as  a  possible  eutectic  mixture.  This  possibility 
has  been  discussed  by  several  writers,  and  especially  by  J.  H.  L.  Vogt,* 
who  regards  a  mixture  of  74.25  per  cent  of  orthoclase  with  25.75  per 
cent  of  quartz  as  the  true  eutectic  in  this  particular  instance,  and 
shows  that  it  is  very  close  to  the  average  micropegmatite  in  composi- 

i  Technology  Quart.,  vol.  13, 1900,  p.  41. 

«  Am.  Jour.  Sci.,  4th  ser.,  vol.  22, 1906,  p.  2(V5. 

» Philos.  Mag.,  4th  ser.,  vol.  49, 1875,  p.  20. 

*  British  Petrography.  1888,  pp.  395-419. 

e  Die  SUikatschmelzldsuiigeD,  pt.  2, 1904,  pp.  113-128.  See  also  Vogt,  Mm.  pet.  Mitt.,  vol.  24, 1906,  p.  437, 
vol.  25, 1906,  p.  361;  vol.  27, 1908,  p.  105.  A .  C.  Lane,  Jour.  Geolog}',  vol.  12, 1904,  p.  23.  H.  E.  Johansson, 
Qeol.  Ffiren.  Fdrhandl.,  vol.  27, 1905,  p.  119;  and  A.  Bygdto,  Bull.  Geol.  Inst.  Upsala,  vol.  7,  1904-5,  p.  I. 
The  subject  of  eutectics  is  also  fully  discussed  in  Harker's  Natural  history  of  igneous  rw  ks,  and  Klsden's 
Chemical  geology. 
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tion.  This  is  not  far  from  the  molecular  ratio  SAlKSisOg :  SSiOj, 
although  simple  molecular  ratios  can  not  necessarily  be  assumed  in 
eutectic  mixtiures.  The  latter,  so  far  as  present  evidence  goes,  are 
not  definite  compounds.  The  water-salt  eutectic  is  not  a  hydrate,  but 
a  mixture  of  salt  and  ice,  which,  however,  happens  to  approximate 
rather  closely  in  composition  to  NaCl  +  lOHjO. 

In  the  first  of  the  memoirs  just  cited,  which  is  rich  in  data  relative 
to  the  physical  constants  of  molten  rocks,  minerals,  and  slags,  Vogt 
attempts  to  fix  the  composition  of  a  number  of  eutectic  mixtures. 
Some  of  them  are  as  follows,  the  figures  referring  to  percentages: 

68       diopside  with  32  olivine. 

74  melilits  with  26  oli\'ine. 
65       molilite  with  35  anorthito. 
40       diopside  with  60  &kermamto. 
74.25  anorthite  with  25.75  quartz. 

75  albite  with  25  quartz. 

The  last  two  ratios  are  practically  identical  with  the  orthoclase- 
quartz  ratio  as  given  above.  It  is,  however,  a  grave  question 
whether  in  a  strict  sense  eutectics  of  feldspar  and  quartz  are  possible. 
Quartz  is  capable  of  formation  only  below  800°,  and  one  modifica- 
tion of  it  only  below  675°.  In  the  pegmatites  of  Maine,  as  described 
by  E.  S.  Bastin,*  the  quartz  is  often  of  the  low-temperature  variety, 
and  crystallization  was  further  modified  by  the  presence  of  gaseous 
or  vaporous  constituents  in  the  magma.  Fluid  inclusions  are  also 
common  in  the  quartz.  The  solidification  of  these  pegmatites  was 
therefore  a  complex  process,  and  by  no  means  so  simple  as  the  theory 
of  eutectics  would  seem  to  demand.  A  feldspar-silica  eutectic,  on 
the  other  hand,  in  which  during  prolonged  cooling  a  gradual  develop- 
ment of  the  silica  as  quartz  occurred,  may  be  conceivable.' 

The  entire  subject  of  eutectics,  in  reference  to  rock  formation,  is 
elaborately  discussed  by  Vogt,  who  considers  them  in  connection 
with  the  melting  points,  and  the  specific  and  latent  heats  of  the  com- 
ponent minerals.  These  data,  however,  are  more  or  less  crude,  and 
Vest's  results  therefore  to  be  regarded  merely  as  first  approxima- 
tions to  the  solution  of  the  problems  proposed,  and  as  subject  to  very 
critical  revision.  Vogt  also  sought  to  determine  the  molecular 
weights  of  several  silicates  from  the  observed  molting  point  depres- 
sions, and  concluded  that  they  were  represented  by  their  simplest 
empirical  formulae.  The  fused  mhierals,  as  such,  exist  in  the  fluid 
magma,  although  they  are  partly  subject  to  electrolytic  dissociation. 
The  latter  phenomenon  has  also  been  much  studied  by  Doelter.' 
The  essential  point  in  Vogt's  and  also  in  Doelter's  work  is  that  they 

»  Joor.  Geology,  vol.  is,  1910,  p.  297.    Also,  more  in  detail,  in  Bull.  U.  S.  Geol.  Survey  No.  446, 1911. 

*  For  the  conditions  under  which  quartz  can  form  see  the  section  on  that  mineral  in  the  following 
chapter. 

«  Monatsh.  Chemie,  vol.  28, 1907,  p.  1313;  Sitiungsb.  Akad.  \Vien,  vo\All,\%Q»,V^A\^.<^\^»Sca•^E^s3!k^^ 
chemie,  1908,  p.  552. 
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attempt  to  apply  modem  physicochemical  methods  to  the  investiga- 
tion of  magmas,  and  whether  their  coudiisions  are  maintained  or  not 
they  are  at  least  suggestive. 

Up  to  this  point  we  have  considered  only  simple  cases  to  which  the 
theory  of  eutectics  is  easily  applied.  In  salt  and  w^ater  we  have 
merely  a  system  of  two  components,  and  the  examples  given  by  Vogt 
are  of  Uke  simplicity.  But  igneous  rocks  are,  as  a  rule,  much  more 
complex,  and  may  contain*  from  three  to  many  component  muierals. 
For  conditions  like  these  the  theoretical  treatment  is  as  yet  undevel- 
oped, although  the  researches  of  Van*t  HofF  on  the  Stassfurt  salts 
suggest,  with  their  diagrams,  certain  analogies  wliich  ma^'^  be  foUowed 
iu  the  futiure.  The  laws  of  equihbrium  must  apply  to  all  possible 
cases  of  solution,  even  though  we  may  be  miuble  as  yet  to  trace  the 
details  of  their  working.  Just  as  the  Stassfurt  problem  is  compUcated 
by  the  deposition  of  hydrates  and  double  salts,  so  from  the  magma 
complex  sihcates  can  form,  and  the  exact  ccuiditions  under  which 
each  may  develop  are  so  far  only  partially  determuied.  The  diffi- 
culties that  confront  us  here  are  well  pointed  out  by  Roozeboom  *  in 
his  great  work  on  the  phase  rule,  where  he  calls  attention  to 'the  fact 
that  an  igneous  rock  represents  many  components  and  many  sohd 
phases.  Some  of  the  latter  are  deAnite  compounds,  and  some  are 
mixed  crystals  fron^  isomorphous  series.  If  the  cooling  of  tlie  magma 
has  been  too  rapid,  supersaturation  may  have  occurred,  with  a  change 
in  the  order  of  deposition  of  the  minerals  and  the  formation  of  some 
undifferentiated  glass  hose.  Furthermore,  lava  rising  from  a  great 
depth  imdergoes  a  change  of  pressure,  which  modifies  the  relative 
solubihty  of  its  components  and  alters  the  position  of  the  eutectic 

point. 

SEPARATION  OF  MINERALS. 

It  is  evident,  from  what  has  been  said,  that  no  universal  concrete 
rule  can  be  laid  down  to  determine  the  order  in  which  the  different 
minerals  will  separate  from  a  coohng  magma.  The  broad,  general 
principles  are  clear  enough,  but  their  apphcation  to  the  problem 
under  consideration  is  an  affair  of  the  future.  For  the  present, 
therefore,  we  must  depend  upon  accurate  observations  and  experi- 
ments, and  in  that  way  accumulate  data  for  theory  to  work  upon. 
The  much-cited  phase  rule,  with  its  diagrams,  gives  us  a  mathe- 
matical method  of  dealing  with  our  facts,  but  it  is  inoperative  with- 
out them.  When  acciu'ate  nimierical  data  have  been  obtained,  then 
the  rule  will  become  apphcable  to  the  relatively  simpler  cases;  but 

>  IL  W.  Bakhuis  Rooceboam,  Die  hcterogenen  Gleichgewicbte  Tom  Standpimkte  der  Phasenlehre. 
▼oL  2,  Braunschweig,  1904,  pp.  240  et  seq.  For  a  simple  application  of  a  phase-rule  diagram  to  a  system 
of  two  components  see  W.  Mejrerhoffer,  Zeitschr.  Kryst.  Miu.,  vol.  36, 1902,  p.  592.  T.  T.  Read  (Econ. 
Geology,  vol.  1, 1905,  p.  101)  has  discussed  the  application  of  the  phase  rule  to  the  study  of  magmas,  but 
his  suggestions  have  been  critidied  by  A.  L.  Day  and  E.  S.  Shepherd  (Idpm,  p.  2sr)).  C.  Doelter  (MIn. 
pet.  ICitt.,  vol.  25, 1907,  p.  79)  has  studied  wbatJb»caUs*the  "stability  ftelds"  of  certain  minerals. 
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anything  more  complex  than  a  four-component  system  is  likely  to 
be  immanageable.  At  present,  however,  we  can  see  some  of  the  con- 
ditions which  are  mvolved  in  the  general  problem.  First,  the  entire 
composition  of  the  magma  must  be  taken  into  account,  together 
with  the  pressure  under  which  it  solidifies.  An  ordinary  lava,  cooling 
on  the  surface  of  the  earth,  will  behave  very  differently  from  similar 
material  which  soUdifies  at  a  great  depth  to  form  a  laccolith  or 
batholith.  In  the  latter  case  its  gaseous  contents  are  not  so  com- 
pletely lost,  and  they,  especially  the  water  vapor,  play  an  important 
part  in  determining  the  order  of  mineral  deposition.  The  retention 
under  pressure,  of  boric  acid  and  fluorine  vnM  cause  the  formation  of 
compounds  which  do  not  appear  in  surface  eruptions,  and  such 
minerals  as  tourmahue  and  the  micas  become  possible. 

K  in  any  given  case  we  regard  the  eutectic  mixture  as  the  solvent, 
the  minerals  that  are  in  excess  of  its  ratios  ^^-ill  be  the  first  to 
crystaUize.  Their  order  of  deposition  will  then  depend  upon  three 
essential  conditions — namely,  their  relative  abundance,^  their  solu- 
bility in  the  eutectic,  and  their  points  of  fusion.  Other  things  being 
equal,  the  less  soluble  and  less  fusible  substances  wiQ  be  formed 
earliest.  With  an  excess  of  alumina,  corundum  and  spinel  may 
form,  and  as  a  general  rule  the  so-caUed  accessory  minerals,  the 
more  trivial  constituents  of  a  rock,  are  among  the  first  separations. 
Apatite,  sulphides,  and  the  titanimn  minerals  belong  in  this  class. 
Although  the  sulphides  are  more  easily  fusible  than  the  silicates 
their  insolubihty  in  a  siUcate  magma  causes  their  early  precipitation. 
According  to  J.  H.  L.  Vogt,^  the  sulpliides  are  much  more  soluble 
in  very  hot  magmas  than  they  are  at  lower  temperatiures,  and  this 
order  of  difference  is  one  wliich  should  be  taken  mto  accoimt.  Solu- 
bihty  varies  with  temperature,  and  differently  with  different  sub- 
stances. It /also  varies  with  the  solvent,  and  J.  Morozewicz'  has 
shown  that  alumosUicates  rich  in  soda  dissolve  alumina  much  more 
freely  than  the  corresponding  potash  compounds,  in  which  it  is  httle 
soluble,  if  at  all.  So  also  the  sulphides,  as  Vogt  has  pomted  out,  are 
more  soluble  in  femic  magmas  than  in  the  saUc  varieties.  They  are 
consequently  more  abmidant  in  basalts  and  diabases  than  they  are 
in  quartz  porphyry  or  rhyoUte.  We  have  here,  apparently,  a  case 
of  limited  miscibility  between  fused  sulpliides  and  fused  silicates, 
while  on  the  other  hand  the  sihcates  themselves  seem  to  be  miscible 
in  all  proportions.  At  least,  in  the  latter  case,  no  limitation  has 
been  observed,  except  in  so  far  as  chemical  reactivity  renders  the 

»  F.  Loewinson-Lesslng  (Compt.  rend,  vn  Cong.  g6ol.  Internal.,  1897,  pp.  352-353)  has  called  attention 
to  the  fact  that  relative  abundance  is  fundamentally  important;  that  is,  silica  will  divide  itself  among 
the  aeveral  heaes  in  accordance  with  the  law  of  ma^  action;  or,  in  other  words,  that  law  will  determine 
what  silicates  can  form.    Its  detailed  application,  however,  is  perhaps  not  practicable. 

*  Die  SilikatschmclzlOsungeu,  pt.  1,  1903,  pp.  96-101. 

•mil.  pet.  MiU.,  vol.  18,  1888-89,  pp.  56,  57. 
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mutual  presence  of  certain  species  impossible.  In  an  actual  magma 
these  incompatibilities  do  not  exist,  nor  do  they  become  evident 
when  we  fuse  together  several  oxides  to  form  an  artificial  melt. 
When,  however,  we  fuse  mixtures  of  minerals,  as  in  the  researches  of 
J.  Lenar6i6,'  M.  Vu6nik,*  and  B.  Vukits,'  the  limitations  of  this  class 
become  evident.  For  instance,  when  magnetite  is  fused  with  labra- 
dorite  it  is  absorbed,  and  upon  cooling  the  melt,  augite  crystak 
appear.  With  magnetite  and  anorthite,  .hercynite  may  be  formed; 
leucite  and  acmite  give  magnetite,  leucite,  and  glass;  and  so  on. 
Again,  leucite  and  nephelite  are  incompatible  with  quartz,  which 
converts  them  into  feldspars;  and  a  multitude  of  such  conditions 
help  to  determine  what  compounds  shall  crystalUze  from  any  given 
magma.  In  a  magma  of  defined  composition  certain  compounds 
are  capable  of  formation,  others  are  not;  and  these  limitations  are 
imperative.  In  the  next  chapter,  upon  rock-forming  minerals,  they 
will  bo  considered  more  in  detail. 

In  ordinary  solutions  two  substances  having  an  ion  in  common 
diminish  the  solubility  of  each  other.  How  far  this  rule  may  apply 
to  magmas  is  uncertain,  and  especially  so  because  of  our  ignorance 
as  to  what  the  ions  actually  are/  Still  we  may  assume  that  olivine, 
Mg2Si04,  and  onstatite,  MgSiOg,  have  magnesium  ions  in  common, 
and  with  them  the  rule  ought  to  work.'  Each  should  be  less  soluble 
in  presence  of  the  other  than  it  is  when  present  alone,  and  the  same 
condition  ought  to  hold  for  the  two  potassium  salts  leucite  and  ortho- 
clase,  or  the  sodium  couple  albite  and  nopholine.  With  mixtures  of 
several  possible  siUcates  the  rule  is  more  difficult  to  apply,  for  then 
complex  ions  are  likely  to  form.  For  instance,  in  a  magma  capable 
of  yielding  olivine,  enstatite,  albite,  and  anorthite  the  ions  may  be 
Mg,  Ca,  Na,  SiO,,  SiO^,  AlSi04,  and  AlSijOg.  Even  in  such  a  case, 
which  is  purely  hypothetical,  two  of  the  supposed  minerals  have  an 
ion  in  common,  and  oUvine  and  enstatite  should  be  the  first  to  sepa- 
rate. Here  we  have  a  suggestion  of  what  reaUy  happens  in  a  vast 
number  of  cases,  possibly  in  a  large  majority  of  cooling  magmas. 
The  order  in  which  the  minerals  are  deposited  is  essentially  that 
laid  down  by  H.  Rosenbusch,'  namely,  ores  and  oxides  first,  then 

1  Centralbl.  Min.,  Geol.  u.  Pal.,  1003,  pp.  705,  743. 
s  Idem,  1904,  pp.  295,  340,  3&4;  1906,  p.  132. 

*  Idem,  1904,  pp.  705,  739.  iSee  also  memoirs  by  D.  K.  Schmutz,  Neues  Jahrb.,  1897,  Band  2,  p.  124;  K, 
Bauer,  idem,  Beil.  Band  12,  p.  535, 1899;  K.  Petrasch,  idem,  Bcil.  Band  17,  p.  498, 1903;  H.  H.  Reiter,  idem. 
BeU.  Band  22,  p.  183, 1906;  R.  Freis,  idem,  BeU.  Band  23,  p.  43, 1907;  V.  P6sclil,  Centialbl.Hin.,  Geol. u.  Pal., 
1906,  p.  571;  Min.  pet.  Mitt.,  vol.  26, 1906,  p.  412;  H.  Scbleimer,  Neues  Jahrb.,  1908,  Band  2,  p.  1;  M.  Urbas, 
idem,  Beil.  Band,  vol.  25, 1908,  p.  261;  M.  Hauke,  idem,  1910,  p.  1;  Vera  Ilammerle,  idem.  Bell.  Band,  voL 
29, 1910,  p.  719;  and  II.  Andouier,  idem,  Beil.  Band,  vol.  30, 1910,  p.  467. 

4  For  a  discussion  of  this  subject  m  greater  detaU  see  J.  H.  L.  Vogt,  Min.  pet.  Mitt.,  vol.  27, 1908,  p.  133. 

» This  example  is  perhaps  not  perfect,  fbr  N.  L.  Bowen  (Am.  Jour.  Bci.,  4th  ser.,  vol.  37, 1914,  p.  487)  has 
shown  that  enstatite  on  fusion  breals  up  into  foisterite  and  free  silica.  Still,  it  serves  to  illustrate  the 
principle. 

•  Neues  Jahrb.,  1882,  Band  2,  p.  1.  Compare  papers  by  J.  Joly,  Proc.  Roy.  Soc.  Dublin,  vol.  9, 1900,  p. 
298;  J.  A. Cunningham, idem,  1901, p. 383;  and  W.  J.  Sollas,  Geol. Mag.,  1900,  p.  295.  On  the  order  of  oon- 
soUdatioa  ol  magnuitlc  mimnXi  there  is  a  copious  Utetature. 
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the  forromagnesian  minerals,  then  the  feldspars,  and  finally,  if  an 
excess  of  silica  is  present,  quartz.  The  rule,  however,  is  not  and  can 
not  be  universal,  and  to  it  there  are  many  exceptions.  Its  common 
validity  must  be  ascribed  to  the  fact  that  most  igneous  rocks  are 
formed  from  relatively  few  components,  with  a  correspondingly  mod- 
erate number  of  possibihties.  So  far  as  they  are  of  the  same  general 
nature  they  consohdate  most  commonly  in  the  same  general  way. 
To  a  limited  degree  minerals  are  deposited  from  a  magma  in  the 
reverse  order  of  their  fusibiUty,  the  more  infusible  first;  but  the  rule, 
as  we  have  seen,  is  by  no  means  general.  In  certain  cases,  however, 
it  holds,  especially  in  the  formation  of  the  successive  members  of  an 
isomorphous  series.  Plagioclase  feldspars,  for  example,  often  exhibit 
a  zonal  structure,  with  the  less  fusible  hme  salts  concentrated  at  the 
crystalline  centers,  and  the  more  fusible  soda  salts  proportionally 
more  abundant  aroimd  their  outer  surfaces.  The  order  of  fusibility 
seems  to  be  rather  a  minor  factor  in  the  process  of  mineral  formation 
during  magmatic  cooling.  The  early  crystallization  of  leucite  and 
oUvine  may  be  due  either  to  their  relative  inf usibihty,  to  their  insolu- 
bihty  in  the  remainder  of  the  magma,  or,  as  Doelter  ^  supposes,  to 
their  superior  stabiUty  at  high  temperatures.  Viscosity,  supersatu- 
ration,  undercooling,  and  rate  of  coohng  all  play  their  respective  parts 
in  the  sohdification  of  a  magma,  and  the  interpretation  of  the  evidence 
in  any  particular  instance  is  not  a  simple  matter.' 

.  DIFFERENTIATION. 

The  question  whether  there  is  within  the  earth,  a  single,  sensibly 
homogeneous  magma  is  one  that  concerns  geology  but  does  not 
seem  to  be  directly  approachable  through  chemical  evidence.  If, 
however,  we  consider  the  problem  locally  with  reference  to  effusions 
from  one  definite  volcanic  center,  the  chemist  may  have  something 
to  say.  Even  here  the  discussion  must  be  mainly  physical,  but  chem- 
ical principles  are  also  involved  in  its  settlement,  for  the  reason  that 
chemical  differences  characterize  the  lavas,  and  they  demand  con- 
sideration. 

It  is  now  a  commonplace  of  petrology  that  within  a  ^ven  area 
there  may  be  a  variety  of  igneous  rocks  exhibiting  a  relationship  to 
one  another  and  indicating,  by  their  mode  of  occurrence,  that  they 
had  a  common  origin.     To  what  is  this  ''consanguinity/'  as  Iddings 

>  Sitsongsb.  K.  Akad.  Wiss.  Wien,  vol.  113, 19(M,  p.  495.    Dooltcr  gives  many  data  on  the  separation  of 
minA.rftift  during  the  cooling  of  melts  of  known  composition.    The  different  species  were  first  ftiscd  tc^tber. 

*  The  importance  of  discriminating  between  the  fusibility  of  a  mineral  and  its  solubility  In  a  magma 
Is  strongly  emphasized  by  A.Lagorio,  in  Zeitschr.  Kryst.  Min.,  vol.  24,  1805,  p.  285.  Minerals  may  dis- 
solve at  temperatures  far  below  their  melting  points,  just  as  salt  dissolves  in  water.  It  is  also  necessary 
to  distinguish  between  simple  solution  and  chemical  reactivity.  In  the  one  process  a  body  dissolves 
and  recrystalllzes  from  solution  without  change.  In  the  other  it  dissolves  because  of  reactions  with  the 
solvent,  and  new  compounds  are  generated .  In  cither  process,  however,  a  solution  may  become  saturated, 
and  then  its  solvent  action  ceases.  On  viscosit  y  as  related  to  chemical  composiUosi  Vxi ^>2kSQ&VA  \>x^qd&j|| 
£.  Gniner,  Inaug.  Dissv  -f^^  t^dOT. 
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calls  ity  duet  If  the  lavas^  which  may  differ  widely,  came  from  one 
and  the  same  fissore  or  crater,  how  were  their  differences  brought 
about?  To  this  question  there  have  been  many  answers,  but  its 
discussion  still  continues  voluminously,  and  the  last  word  is  not  yet 
said.  If  distinct  magmas  exist,  which  are  ejected  sometimes  sepa- 
rately and  sometimes  commingling,  the  problem  becomes  apparently 
simple,  and  this  method  of  solution  has  been  repeatedly  proposed. 
Bunsen  assumed  the  existence  of  two  such  magmas,  the  normal 
pyroxenic  and  the  normal  trachytic,  and  Durocher  has  put  forth 
similar  views.  Other  petrologists  have  thought  that  there  are  more 
than  two  fundamental  magmas,  but  such  a  multiplication  of  assimip- 
tions  can  only  end  in  confusion.  The  conception  is  simple  enough, 
but  its  application  to  observed  phenomena  is  quite  the  reverse.  With 
this  phase  of  the  question  chemistry  has  little  to  do.  The  prevalent 
modern  opinion  favors  the  idea  that  at  each  specified  locality  there  19 
one  essentially  homogeneous  magma,  from  which,  by  some  process 
of  differentiation,  the  various  rock  species  of  the  region  have  been 
derived.  Under  what  conditions  and  by  what  processes  can  such 
a  differentiation  be  produced?  Upon  this  problem,  presented  in 
this  form,  physical  chemistry  has  some  suggestions  to  offer,  regardless 
of  the  antecedent  assuimptions  or  of  the  geological  evidence  upon 
which  it  is  based.' 

It  is  not  necessary  for  us  now  to  consider  the  historical  aspect  of 
the  discussion,  for  that  has  been  well  done  by  several  other  writers. 
J.  P.  Iddings,  especially,  in  his  memoir  upon-'the  origin  of  igneous 
rocks,^  and  more  recently  W.  C.  Brogger  ^  and  F.  Loewinson-Les^g  * 
have  done  full  justice  to  this  side  of  the  question.  We  need  oifly 
take  up  broadly  the  hypotheses  which  have  been  suggested  in  order 
to  explain  the  observed  differentiation  and  examine  them  as  to  their 
validity.    An  exhaustive  discussion  of  details  is  out  of  the  question. 

Although  R.  W.  Bunsen  was  the  first  to  show  that  a  magma  is 
really  a  solution,  little  attention  was  paid  to  this  consideration  until 
A.  Lagorio,*  in  1887,  published  his  famous  memoir  on  the  nature  of 
the  '* glass  base"  or  groimdmass.  In  developing  his  fundamental 
conception  Lagorio  called  attention  to  ^^Soret's  principle,''  which 
asserts  that  when  two  parts  of  the  same  solution  are  at  different 
temperatures  there  will  be  a  concentration  of  the  dissolved  substance 
in  the  cooler  portion.  Through  the  operation  of  this  process,  namely, 
unequal  cooling,  it  was  thoxight  that  a  homogeneous  molten  mass 

1  Barker,  in  bis  Nataral  history  of  igneous  rocks,  devotes  a  chapter  to  "  hybridism  "->that  is,  to  rocks 
formed  by  the  commingling  of  magmas.    Another  chapter  to  given  to  the  question  of  dilTerentiation. 
Elsden,  in  his  Chemical  geology,  also  discusses  the  genera  problem  at  some  length.    A  later  paper  br^ 
Barker  is  in  Jour.  Geolegy,  vol.  24, 1916,  p.  551. 

•  Bull.  Philos.  Soc.  Washington,  toI.  12, 1892,  p.  89. 

»  Die  Emptiygestelne  des  Kristianiagebietes,  pt.  3, 1S98,  pp.  276  et  ^\. 
« Compt.  rend.  VH  Cong.  g6ol.  intemat.  1897.  p.  308. 

•  Ifin.  pet.  Mitt.,  vol.  8, 1887,  p.  421.    This  memoir  is  rich  in  references  to  former  literature. 
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might  become  heterogeneous,  the  substances  with  which  a  magma 
was  most  nearly  saturated  tending  to  accumulate  at  the  cooler  points, 
leaving  the  warmer  portions  with  an  excess  of  the  solvent  material. 
This  view  was  speedily  adopted  by  many  petrographers,  but  objec- 
tions to  it  were  soon  founds  and  it  is  now  generally  abandoned. 
G.  F.  Becker  ^  showed  that  to  produce  the  observed  phenomenon  in 
so  viscous  a  medium  as  molten  lava  by  such  a  process  of  molecular 
diffusion  would  require  almost  unlimited  time;  and  H.  Backstrdm  * 
pointed  out  that  although  the  operation  of  Soret's  principle  might 
cause  changes  in  the  absolute  concentration,  it  could  no  more  alter 
the  relative  proportions  of  the  dissolved  substances  than  it  could  in 
a  mixture  of  gases. 

Another  process  which  surely  plays  some  part,  great  or  small,  in 
the  differentiation  of  magmas  is  the  solution  of  foreign  material.  The 
molten  lava,  as  it  rises  from  the  depths  to  the  sm^aco  of  the  earth,  is 
inclosed  between  walls  of  rock  upon  which  it  exerts  a  solvent  action. 
This  action  may  be  very  slight  or  it  may  be  important;  and  its  extent 
will  depend  on  the  character  of  the  magma,  the  chai*acter  of  the  rock 
with  which  it  is  in  contact,  the  temperature,  and  the  pressure.  Not 
one  of  these  factors  can  be  set  aside  as  negligible.  The  absorbed 
rock  may  be  either  igneous  or  sedimentaiy ;  the  effect  produced  upon 
it  may  be  limited  to  a  thin  contact  zone  or  it  may  permeate  lai^e 
masses  of  material ;  and  no  general  rule  governs  the  process  entirely. 
The  wall  rock  varies  in  solubility  with  respect  to  the  magma,  and 
this  condition,  modified  as  it  must  be  by  variations  in  temperature, 
is  of  prime  importance.  If  a  magma  is  satm-ated  With  respect  to  the 
substances  contained  in  its  walls,  its  solvent  action  will  be  slight;  if 
imsaturated,  its  activity  must  be  greater.  A  basaltic  magma  should 
take  up  silica;  a  siliceous  magma  might  absorb  bases.  For  example, 
blocks  of  limestone,  more  or  less  altered  by  contact  with  the  molten 
magma,  are  ejected  from  some  volcanoes,  and  may  be  found  embedded 
in  the  solidified  lavas.  In  extreme  cases  they  may  disappear  en- 
entirely,  leaving  a  local  enrichment  in  lime  salts  as  evidence  of  their 
former  nature.^  This  general  process,  this  assimilation  of  extraneous 
material,  is  given  much  weight  by  Johnston-Lavis  and  Loewinson- 
Lessing  in   their   discussions   of   magmatic    differentiation;  but  its 

»  Am.  Jour.  Sd.,  4th  ser.,  vol.  3,  lft9T,  p.  21. 

« Jour.  Geology,  vol.  1,  nm,  p.  773.  See  also  F.  Loewinson-I>essing,  Corapt.  rend.  VIT  Cong.  g^l. 
iatemat.,  1897.  p.  390. 

*  See,  for  example,  H.  J.  Johnston-Lavifi,  The  ejected  blocks  of  Monte  Somma:  Trans.  Edinburgh  Ged. 
Soc.,  vol.  tf  1892-93,  p.  314.  Also  a  paper  in  Natural  Science,  vol.  4,  1894,  p.  134.  F.  T>oewinson-Lessing 
(loc.  dt.)  g}ves  many  other  references  to  literature  on  this  subject.  For  experimental  data  on  the  solu- 
bility of  cortmdtun,  emery,  andalnslte,  kyanite,  kaolin,  pyrophyllitc,  leudte,  and  quartz  in  magmas,  see 
A.  Lagorio  (Zdtschr.  Kryst.  Min.,  vol.  ^,  1895,  p.  285);  also  C.  Doelter  and  E.  Hussak  (Neues  Jahrb.,  1884, 
Band  1,  p.  18),  who  operated  on  oli\ine,  pyroxene,  hornblende,  biotlte,  feldspars,  quartz,  garnet,  iolite,  and 
Zircon  m  much  the  same  way.  How  far  these  experiments,  conducted  on  small  samples  during  short 
times,  can  be  used  to  illustrate  natural  phenomena  is  doubtful,  but  they  do  give  some  information  of  xtilut. 
On  the  absoriytion  of  limestone  by  granite  see  A.  Lacroix,  Compt.  Rend.,  vol.  123, 19n,^.\^Q\« 
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effectiveness  is  by  no  means  universally  admitted.  R.  A.  Daly,*  a 
recent  advocate  of  the  assimilation  theory,  has  sought  to  explain  the 
mechanism  of  igneous  intrusions  by  a  process  which  he  calls  ''  mag- 
matic  stoping."  He  supposes  that  a  batholithic  magma  eats  its  way 
up  by  solvent  action  on  the  invaded  rocks.  Blocks  of  the  latter, 
loosened  by  this  process,  sink  into  the  fluid  mass  and  are  gradually 
dissolved.  Thus  the  composition  of  the  magma  is  altered.  Daly 
also  argues  in  favor  of  the  view  that  such  a  magma,  by  ^'gravitative 
adjustment,^'  will  separate  into  layers,  the  denser  submagma  below, 
the  lighter  above.  The  latter  conception  is  not  new,  and  has  had 
many  supporters. 

The  hypothesis  advanced  by  A.  Michel-L6vy  ^  that  differentiation 
is  brought  about  chiefly  by  a  circulation  at  high  temper atiu*es  and 
under  great  pressure  of  the  so-called  ''fluides  min^ralisateurs" — that 
is,  of  water  and  the  other  vapors  or  gaseous  contents  of  the  magma — 
is  one  which  deserves  serious  consideration.  These  agents  are  sup- 
posed to  entangle  certain  other  constituents,  the  lighter  substances  of 
the  magma,  and  to  con<5entrate  them  in  the  upper  layers  of  the  fused 
mass.  Silica  and  the  feldspathic  minerals  would  thus  accumulate 
near  the  top  of  a  volcanic  reservoir,  leaving  the  f  erromagnesian  miner- 
als in  greater  proportion  at  the  bottom — an  order  corresponding  with 
a  common  order  of  ejectment  during  eruptions.  This  order,  however, 
is  not  invariable,  and  in  Great  Britain,  according  to  A.  Geikie,* 
it  was  generally  reversed.  There  the  femic  rocks  represent  the  ear- 
liest outflows  and  the  salic  rocks  came  later.  A  progressive  enrich- 
ment in  silica  took  place,  instead  of  the  impoverishment  that  Michel- 
L6v}''s  process  would  imply.  In  the  Yellowstone  Park,  according  to 
J.  P.  Iddings,*  lavas  of  medium  composition  were  emitted  first,  and 
the  differentiation  was  a  splitting  up  of  the  magma  into  femic  and 
salic  portions.  The  sequence  of  lavas,  then,  appears  to  have  been 
different  in  different  regions,  and  the  irregularities  remain  to  be 
explained.  Apart  from  this  digression,  however,  the  suggestions  of 
Michel-L6vy  should  be  borne  in  mind.  The  mogmatic  vapors  must 
exert  an  important  influence  upon  the  process  of  differentiation,  for 
they  tend  to  accumulate  in  the  upper  part  of  a  lava  column  or  reser* 
voir  and  to  modify  its  properties  locally.     It  is  quite  possible  that 

>  Am.  Jour.  Sci.,  4th  sea-.,  vol.  15, 1903,  p.  269;  vol.  16, 1903,  p.  107;  vol.  20, 1905,  p.  185;  vol.  26, 1908,  p.  17, 
and  in  the  Rosenbusch  *'  Festschrift,"  1906,  p.  208.  Sec  also  Bull.  U.  S.  Geol.  Survey  No.  209, 1903,  p.  lOi, 
on  the  rocks  of  Mount  Ascutney.  A  discussion  of  Daly's  views,  mainly  adverse,  at  a  meeting  of  the  Geo- 
logical Society  of  Washington,  is  reported  in  Science,  vol.  25, 1907,  p.  621.  J.  H.  L.  \'ogt  (Die  SUikatsdunds- 
Idsungcn,  pt.  2, 1904,  p.  225)  regards  the  assimilation  theory  as  quite  untenable.  Daly's  views  have  been 
accepted  by  J.  Barrell,  Vrof.  Paper  U.  S.  Geol.  Survey  No.  57,  1907,  pp.  155-156;  E.  C.  Andrews,  Bee. 
GeoL  Survey  New  South  Wales,  voL  8, 1905,  p.  126;  and  A.  P.  Coleman,  Jour.  Geology,  vol.  15, 1907,  p.  773. 
On  magmatic  assimilation  in  the  Adirondacks  see  W.  J.  Miller,  Bull.  Geol.  Soc  America,  vol.  25,  p.  243, 1914. 

>  Bull.  Soc.  g^l.  France,  3d  ser.,  vol.  25, 1897,  p.  367. 

'  The  ancient  volcanoes  of  Great  Britain,  vol.  2, 1897,  p.  477. 

«  Bull.  Philos.  Soc  Washington,  vol.  12, 1892,  p.  89.  Compare  J.  E.  Spurr,  Jour.  Geology,  vol.  8, 1900^ 
p.  621,  on  the  suooessian  of  the  igneous  rocks  in  the  Great  Basin  of  Nevada.  Spun*  gives  a  good  historical 
summary  of  the  subject,  beginning  with  the  pioneer  work  of  Richthofen. 
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they  may  bring  to  the  top  some  of  the  more  easily  sub]imable  oxides 
or  silicates,  together  with  decomposable  fluorides  and  chlorides,  and 
during  an  eruption  these  substances  would  be  ejected  first.  A  com- 
plete segregation,  however,  is  not  assumed — only  a  differential  con- 
centration of  the  maginatic  components.  It  is  obvious  that  a  more 
important  function  of  the  *' miner alizers  ''  is  to  increase  the  fusi- 
bility of  the  magmatic  mass  and  to  diminish  its  viscosity,  thereby 
facilitating  crystallization. 

In  a  latter  paper  than  the  one  previously  cited  G.  F.  Becker*  has 
shown  that  fractional  crystallization  may  have  been  an  important 
factor  in  producing  differentiation.  This  is  a  process  which  is  well  un- 
derstood, and  it  must  have  been  more  or  less  operative.  From  this 
point  of  view  magmatic  differentiation  becomes  a  part  of  the  general 
cooling  process,  and  not  a  phenomenon  to  be  considered  aside  from  the 
ordinary  solidification  of  a  lava.  The  magma,  whether  it  is  forming  a 
dike  or  a  laccolith,  is  inclosed  between  walls  which  are  cooler  than 
itself,  and  along  these  surfaces  the  less  fusible  or  less  soluble  minerals 
will  first  crystallize.  The  process  is  aided  by  the  circulation  of  con- 
vection currents;  and  that  portion  of  the  fused  mass  which  last 
solidifies,  the  mother  liquor,  will  be  the  portion  of  maximum  fusibility, 
and,  therefore,  approximate  to  a  eu  tec  tic  mixture.  The  center  of 
the  dike  or  laccolith  will  thus  have  one  composition  and  its  outer  parts 
another.  In  his  memoir  upon  tlie  Highwood  Mountains  L.  V. 
Pirsson*  discusses  the  process  in  some  detail  and  shows  how  convec- 
tion and  crystallization  may  go  on  together.  When  great  differences 
in  specific  gravity  exist,  as  in  the  separation  of  the  heavy  titaniferous 
magnetite  of  the  Adirondacks  from  the  lighter  rocks  of  the  same 
magmatic  mass,'  the  crystallizing  substances  may  settle  to  the  bot- 
tom and  form  a  distinct  layer  quite  unlike  the  superincumbent 
material.  Even  very  moderate  differences  of  density  may  produce 
similar  results,  although  in  less  degree.  For  example,  Loewinson- 
Lessing*  has  shown  that  in  certain  Vesuvian  lavas  leucite  crystals 
have  risen  to  the  top,  while  aiigite  sank  to  the  bottom.*  In  the  differ- 
entiation of  the  eruptive  iron  ores  of  Norway,  as  described  by  J.  H. 
L.  Vogt,'  the  same  process  may  operate,  although  Vogt  gave  another 
interpretation  to  the  phenomena.  In  cases  of  this  kind  the  liquation 
hypothesis  of  J.  Durocher'  may  be  partly  applicable,  and  we  can  easily 
conceive  of  the  cooling  magma  as  separating  into  lighter  and  heavier 

1  Am.  Joar.  Sci.,  4Ui  ser.,  vol.  4, 1897,  p.  257. 

•  BalL  U.  S.  Goal.  Survey  No.  237, 1905,  p.  183.    Compare  also  A.  Barker,  Quart.  Jour.  Geol.  Soc.,  vol. 
50^  18M,  p.  334,  and  T.  L.  Walker,  Am.  Jour.  Sci.,  4th  ser.,  vol.  6, 1896,  p.  410. 

i  See  J.  F.  Kemp,  Nineteenth  Ann.  Ropt.  U.  S.  Geol.  Survey,  pt.  3, 1899,  p.  417. 
4  Studioi  oeber  die  Eruptivgesteine,  St.  Petersburg,  1899,  p.  155. 

•  Similar  observations  are  recorded  by  much  earlier  workers  as,  for  instance,  Charles  Darwin,  in  Ge<v 
logicai  obeervations  on  volcauic  islands,  1844,  p.  117,  and  P.  Scrope  in  his  treatise  Volcanoe,  1872,  p.  125. 

•  See  summary  by  J.  J.  U.  Tcall  in  Geol.  Mag.,  1892,  p.  82. 
'  Anoales  dee  mines,  5th  scr.,  vol.  11, 1857,  p.  217. 

113750**— 19— Bull.  C9/5 20 
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layers,  even  b^ore  solidification  begins.  Kemp,  in  the' paper  jus( 
cited,  remarks'tiiat  copper  matt«  settles  out  almost  completely  from  a 
VISCOUS  mixture  of  matte  and  slag,  although  in  a  large  mass  of  magma 
convection  currents  might  hinder  the  perfect  working  of  such  a 
process.  Ijiquation,  then,  must  be  regarded  as  a  possible  mode  of 
differentiation,  but  probable  only  in  certain  special  cases.  It  implies 
a  limited  miscibility  of  the  magmatic  solutions,  and  that  does  not  often 
occur.  J.  Morozowicz,*  however,  in  his  experiments  upon  artificial 
magmas  observed  several  cases  in  which  his  melts  differed  in  com- 
position from  top  to  bottom,  the  undermost  portion  being  the  heav- 
iest. Similar  differences  of  density  are  well  known  to^  the  glass 
makers,  as  shoi\n  by  variations  in  refractive  capacity  between  the 
top  and  bottom  portions  of  their  melts.  Such  a  ''gravitative  adjust- 
ment" is  presumably  most  effective  in  slowly  cooling  magmas, 
especially  when  partial  crj^stallization  has  occurred.  The  minerals 
fijret  formed  must  have  time  to  sink.  The  rate  of  cooling,  therefore, 
is  a  distinct  factor  in  the  differentiation  of  igneous  rocks. 

To  these  agencies  in  the  process  of  differentiation  must  be  added 
that  of  pressure.  This  has  been  taken  into  account  by  Martin 
Schweig,'  whose  views  may  be  briefly  siunmarized  or  paraphrased 
as  follows:  In  a  molten  magma,  under  great  pressure,  partial  crystal- 
lization occurs;  the  crystals  formed  sink  within  the  fluid  mass,  while 
their  mother  liquor  accumulates  above  them.  An  eruption  takes 
place,  the  mother  Uquid  is  ejected,  and  with  tlie  consequent  relief  of 
pressure  the  fusibility  of  the  separated  crystalline  matter  is  increased. 
Tlie  latter,  rem  el  ted,  is  expelled  by  a  later  explosion,  and  in  this  way 
the  magma,  originally  homogeneous,  gives  rise  to  two  or  more  differ- 
ent lavas  emitted  from  the  same  vent.  The  separation  is  effected  in 
tlie  first  place  by  fractional  crystallization,  aided  by  gravity;  and 
then,  under  reduced  pressure,  the  crystaUine  layer  again  liquefies. 

This  is  a  plausible  hypothesis,  but  it  leaves  some  things  out  of 
account.  Pressure,  in  the  first  instance,  raises  the  melting  points  of 
the  fused  minerals,  but  the  water  and  gases  dissolved  in  the  magma 
act  in  the  opposite  way.  They  tend  to  nTake  the  magma  more  fusible. 
When,  by  eruption,  these  gases  escape,  there  will  bo  a  decrease  of  fusi- 
bility to  offset  the  gain  from  reduced  pressure,  and  what  the  alge- 
braic sum  of  this  gain  and  loss  may  be  no  man  can  say.  The  oppos- 
ing tendencies  may  balance,  but  it  is  more  probable  that  one  or  the 
other  will  be  the  stronger,  and  beyond  this  point,  with  the  available 
evidence,  our  reasoning  can  not  go.     During  an  eruption  the  ccwn- 

1  Min.  pet.  Mitt.,  vol.  18, 188fr-8»,  p.  283.  N.  L.  Bowen  (Am.  Jotir.  Sci.,  4th  ser.,  vol.  30, 1915,  p.  ITS),  te 
some  exporimonts  upon  the  nmgiwwlan  slHcttes,  has  found  that  in  a  melt  olivine  and  pyroxene  crystallise 
out  and  sink,  while  tridymite  floats.  In  a  later  paper  (Jour.  Geology,  1015,  supplementary  number)  B««en 
shows  that  diflexentiation  is  diiefly  due  to  fractional  crystalUzation.  Assimilation  of  foreigB  Tmrterfcil 
he  regards  as  relatively  unimportant. 

s  Noues  Jahrb.,  Bell.  Bond,  vol.  17, 1903,  p.  516.  Originally  published  as  a  doctoral  dissertation.  The 
paper  contains  a  good  summary  down  to  1003  of  the  entire  subject  of  diflMentiatioa.  Sea  atoo  a  neeut 
paper  by  F.  F.  Grout,  Jour.  Geology,  vol. »,  1018,  p.  626. 
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position  of  a  magma^  its  gaseous  load,  its  temperature,  and  the  pres- 
sure on  it  are  ail  varying;  some  of  the  variations  are  slow  and 
gradual,  others  are  rapid;  heat  may  be  lost  by  cooling^  or  evolved  by 
dbemical  change;  and  no  equation  can  yet  be  written  in  which  each 
of  these  factors  shall  receive  its  proper  valuation.  After  eruption  the 
phenomena  are  less  complex;  but  even  then  we  are  only  able  to 
follow  them  partially.  Fractional  crystallization,  liquation,  the  in- 
fluence of  dissolved  vapors,  and  the  assimilation  of  foreign  material 
are  aU  intelligible  processes,  but  the  first  one  named  is  the  most 
general  and  presumably  the  most  important  of  all.  Even  its  influ- 
^ice  is  variable,  however,  becoming  zero  in  eutectic  mixtures  and 
increasing  in  potency  as  we  recede  from  the  eutectic  point.  The 
more  closely  the  composition  of  a  magma  approaches  eutectic  ratios 
the  less  capable  of  fractionation  it  becomes. 

RADIOACTIVITY. 

» 

This  chapter  would  be  incomplete  without  reference  to  recent 
speculations  and  investigations  relative  to  the  sources  of  volcanic 
heat.  That  heat  hitherto  has  been  commonly  referred  either  to  the 
molten  matter  left  over  after  the  consohdation  of  the  lithosphere  or 
to  a  generation  from  mechanical  sources,  such  as  pressure  and  the 
friction  due  to  movements  within  the  crust.  The  discovery  of 
radium,  however,  which  emits  heat  continuously,  has  led  to  new  con- 
ceptions that  are  at  least  worth  mentioning.^ 

The  quantity  of  heat  emitted  by  radium  has  been  measured  by 
several  investigators.  The  subjoined  table  gives  most  of  the  results 
obtained,  expressed  in  gram  calories  per  gram  of  pure  radium  per 
hoiu': 

Hmi  emitted  by  radium. 


Authority. 


P.  Curie  and  A.  Laborde. 


ReTerence. 


E.  Rutherford  and  H.  T.  Baraee. 
C.  Runge  and  J.  Precht 

F.  Paschen 


J.  Precht 

E.  V.  Schweidler  and  V.  F.  Hess. 


W.  Duane. 
W.  Duane. 


H.  Pettersson. 


Compt.  Rend.,  vol.  136,  1903,  p. 

673. 
Philos.  Mag.,  6th  set.,  vol.  7, 1904, 

p.  202. 
Jour.  Chem.  Soc.,  vol.  86  (2),  1904, 

p.  7. 
Physikal.  Zeitschr.,  vol.  5,  1904, 

p.  563. 
Annalen  der  Physik,  4th  sen,  vol. 

21,  1906,  p.  595. 
Monatsh.  Chemie,  vol.  29,  1908, 

p.  853. 
Compt.  Rend.,  vol.  148,  1909,  p. 

1448. 
Am.  Jour.  Sci.,  4th  ser.,  vol.  31, 

1911,  p.  247. 
Chem.  Abstracts,  vol.  5,  p.  2365, 

1911. 


Small  calories. 


100  approx. 

100  approx. 

105. 

126. 

134.4. 

118. 

120. 

104  to  117. 

116.4. 


>  The  sudden  expansion  of  the  gases  released  at  the  beginning  of  a  volcanic  eruption  must  exert  a  noto- 
worthj  isooUng  effect  on  the  residual  magma. 

*  A  discussJOD  of  the  purely  physical  or  mechanical  sources  of  heat  does  not  fall  within  tU«  «£VQ%  ^V  XXtic^ 
treitise. 
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The  differences  between  these  determinations  are  due  partly  to 
differences  in  the  atomic  weight  assigned  to  radium  and  partly  to 
different  methods  of  measurement;  but  they  are  inunaterial  in  respect 
to  the  present  discussion.  It  is  enough  to  note  that  1  gram  of 
radium  spontaneously  emits  heat  enough  every  homr  to  raise  the 
temperature  of  more  than  100  grams  of  water  1°  Centigrade,*  an 
enormous  quantity  in  comparison  with  the  energy  displayed  in  even 
the  most  violent  chemical  reactions.  How  large  a  part  does  this 
evolution  of  heat  play  in  volcanic  phenomena  or  in  maintaining  the 
temperature  of  the  earth  ? 

The  principal  radioactive  elements,  so  far  as  present  knowledge 
goes,  are  uraniimi,  radium,  and  thoriimi.  Actinium,  ionium,  polo- 
nium, and  a  number  of  less  conspicuous  radioelements  are  also 
known,  but  their  thermal  efficiency  is  yet  to  be  determined.  Potas- 
sium and  rubidimn  are  feebly  radioactive.  Radiiun,  which  is  a 
derivative  of  uraniimi,  is  by  far  the  most  inlportant  radioactive 
element  so  far  discovered,  and  for  immediate  purposes  is  the  only 
one  which  need  be  taken  into  account.  It  has  been  suggested 
that  the  atomic  degradation  which  characterizes  the  elements 
above  named  is  probably  a  general  property  of  all  matter,  but  that 
is,  as  yet,  only  an  unproved  speculation.'  It  may  or  may  not  be 
sustained  by  future  investigators. 

The  materials  forming  the  crust  of  the  earth,  whether  igneous  or 
sedimentary,  are  now  known  to  be  measiu'ably  radioactive.  This 
radioactivity  is  even  conmiunicated  to  the  waters*  and  the  atmos- 
phere, but  is  most  marked  in  the  older  rocks,  and  it  is  mainly  attrib- 
uted to  the  widespread  diffusion  of  radium  in  exceedingly  minute 
traces.  The  other  unstable  elements,  doubtless,  play  their  part,  but 
radium  appears  to  be  the  principal  agent  in  producing  the  phenom- 
enon. The  measurements  of  what  may  be  called  geochemical  radio- 
activity are  therefore  conmionly  stated  in  terms  of  radium. 

The  decay  of  radium  is  through  a  series  of  stages  in  which  a  num- 
ber of  products  are  successively  formed.  The  first  of  these  products, 
the  radium  emanation,  to  which  the  name  niton  has  been  giveji, 
is  a  gas  belonging  to  the  helium-argon    group.     By  decomposing 

>  The  most  probable  value  is  118  cal. 

«  N.  R.  Campbell  (Phllos.  Mag.,  6th  ser.,  vol.  9, 1905,  p.  531;  vol.  11, 1906,  p.  206)  claims  to  have  discov- 
ered radioactivity  in  several  common  metals.  H.  Greinacher  ( Annalen  der  Physik,  4th  ser.,  vol.  24, 1907, 
p.  79)  attempted  to  determine  the  radioactivity  of  common  substances  by  a  calorimetric  method,  and 
obtained  negative  results.  If  it  exists,  its  intensity  is  too  small  to  be  measured  by  any  known  method.  See 
also  W.  W.  Strong,  Am.  Chem.  Jour.,  vol.  42, 1909,  p.  147;  M.  Levin  and  R.  Ruer,  Physikal.  Zeitscbr.,  vol 
10, 1909,  p.  576. 

>  The  radioactivity  of  many  spring  ^'ateis  has  already  been  noted  in  the  chapter  on  mineral  springs. 
According  to  J.  Joly  (RadioactI\'ity  and  geology,  p.  48),  sea  water  is  radio:ictive  to  an  extent  equivalent 
to  an  oceanic  content  of  20,000  tons  of  radium.  The  deep-sea  sediments  are  much  more  radioactive.  A.S. 
Eve,  however  (Philos.  Mag.,  6th  ser.,  vol.  18, 1909,  p.  102),  found  much  smaller  amounts  of  radium  in  .^ea 
water  than  Joly— in  fact,  only  about  one-seventeenUi  as  much.  For  a  reply  by  Joly  sec  the  same  volume, 
p.  396.  F.  Ilimstedt  ( Physikal.  Zeitschr.,  vol.  5, 1904,  p.  210)  attributes  the  radioactivity  of  thermal  watea 
to  deep-seated  radioactive  mineials. 


THE   MOLTEN  MAGMA.  309 

a  rock  and  bringing  it  into  solution  this  gaseous,  radioactive  sub- 
stance can  be  isolated,  and  its  amount  determined  by  its  action 
upon  the  air  witliin  an  electroscope.  The  details  of  the  operation 
need  not  be  considered  here.  They  are  given  by  Strutt  in  his  papers 
upon  radium  in  rocks,  and  are  also  summed  up  by  Joly  in  his  treatise 
upon  * 'Radioactivity  and  geology/'  The  amount  of  emanation  is 
sUictly  proportional  to  the  amount  of  radium  from  which  it  was 
generated,  provided  enough  time  is  allowed  for  it  to  accumulate  until 
ita  rate  of  production  and  rate  of  decay  are  in  exact  equihbrium. 
These  rates  are  known  to  a  fair  degree  of  approximation,  and  hence 
measurements  of  the  emanation  are  easily  restated  in  equivalent 
quantities  of  radium. 

Since  1906  numerous  determinations  of  radium  in  rocks  have  been 
made,  especially  by  R.  J.  Strutt  and  J.  Joly.*  From  Strutt's  meas- 
urements, as  corrected  by  Eve  and  Mcintosh,  the  radium  in  28  igneous 
rocks  ranges  from  0.30  x  10""  to  4.78  x  10""  grams  per  gram  of  mate- 
rial. The  average  is  1.7x10"".  The  highest  values  were  obtained 
from  granites,  the  lowest  from  basalts  and  oUvine  rocks.  For  sedi- 
mentary rocks  the  average  of  17  determinations  gave  1.1  X  10~" 
grams  per  gram,  the  mean  of  the  two  averages  being  1.4  X  10~". 
This  amount  is  equivalent  to  an  emission  of  heat,  the  heat  given  out 
by  radium,  about  28  times  as  great  as  is  needed  to  account  for  the 
observed  temperature  gradient  within  the  crust  of  the  earth. 

Joly^s  figures  are  much  higher  thad  those  of  Strutt,  and  cover  a 
much  larger  number  of  determinations.  As  summed  up  by  him,' 
the  mean  radium  content  of  igneous  rocks  is  5.5  x  10""  grams  per 
gram,  and  that  of  sedimentary  rocks  4.3x10"".  Joly,  moreover, 
finds  only  shght  differences  (as  compared  with  Strutt's  results) 
between  the  plu  tonic  rocks  and  those  of  volcanic  origin.  The  dis- 
cordance between  Strutt  and  Joly  I  can  not  attempt  to  explain;  but 
it  seems  probable  that  the  granitic  rocks  and  perhaps  also  the  nephe- 
line  syenites  should  show  the  highest  values.  In  them  the  minerals 
of  uranium,   radium,   and   thorium   are   principally  concentrated.' 

1  See  Radioactivity  and  geolRv,  already  cited.  For  Stiiutfs  papers  see  l*roc,  Roy.  Soc.,  ser.  A,  vol.  77, 
190e,  p.  472;  vol.  78, 190G,  p.  150;  vol.  i^\  l«)t<,  p.  572;  vol.  84, 1910,  p.  377.  The  figures  given  by  Strutt  in  Uie 
flnt  of  those  papers  involved  an  erroneo'.is  constant  and  were  corrected  by  A.S.Eveand  D.  Mcintosh,  PhUos. 
llag.,  6th  ser.,  vol.  14, 1907,  p.  231.  The^>e  authoifi  also  measured  the  radioactivity  of  various  rocks  near 
MoDtreal.  See  also  memoirs  by  C.  C.  Farr  and  D.C.H.Florance,rhilos.Mag.,Gth  ser.,  vol.  18, 1909,  p. 813. 
A.  L.  Fletcher,  idem,  vol.  20, 1910,  p.  36;  vol.  21, 1911,  pp.  102,  770;  vol.  23, 1912,  p.  279;  A.  Gdckel,  Jour. 
Chem.  Soc.,  vol.  100,  pt.  2, 1'Ui,  p.  174,  abstract;  E.  H.  BUchner,  idem,  p.  243,  abstract;  and  vol.  102,  pt.  2, 
1912,  p.  M5,  abstract.  Recent  papers  by  Joly,  partly  upon  radium  and  partly  upon  thorium,  are  in  Philos. 
Mag.,  6th  ser.,  vol.  17, 190<>,  p.  7M);  vol.  18, 1909,  pp.  140,  677;  vol.  20, 1910,  pp.  125,  353;  vol.  23, 1912,  p.  201; 
vol.  24, 1912,  p.  694.  Oil  the  radioactivity  of  pitchblende  see  H.  H.  Poole,  idem,  vol.  19, 1910,  p.  314.  On 
Australian  minerals,  D.  Mawson  and  T.  II.  Laby,  Chem.  Xe\\s,  vol.  92, 1905,  p.  39.  On  lavas,  O.  Scarpa, 
Attl  R.  accad.  Lincei,  5th  ser,  vol.  16, 19<J7,  p.  44;  R.  Nasini  and  M.  G.  Levi,  idem,  vol.  15, 1906,  p.  391;  vol. 
17,  p.  432;  and  O.  T.  Castorina,  Neues  Jahrb.,  1907,  p.  11  (abstract).  J.  W.  Waters  ( Philos.  Mag.,  6th ser., 
▼i.  19, 1910,  p.  903)  has  studied  the  presence  of  radiojictive  minerals  in  common  rocks.  On  radiothorium 
seeO.  A.  Blanc,  idem,  vol.  13, 1907,  p.  '6:h;  vol.  is,  1909,  p.  146. 

«  Radioeietivity  and  geology,  p.  275. 

•  0.  von  dem  Borne  (Zeif^hr.  Deutsch.  geol.  Cec?ell.,  vol.  58,  1906,  p.  I)  baa  to>MiA  Vti^  \b»sj!l\.^  qV\^^ 
Erzgebirge  to  bo  strongly  radioactive. 
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The  radioactayity  of  the  sedimentary  rocks  may  be  due  to  a  distri- 
bution of  the  radium  emanation  by  circulating  waters,  in  which  the 
gas  is  soluble.  That  of  mineral  springs  is  explicable  in  the  same 
way. 

An  attempt  to  compute  the  total  amoimt  of  radioactive  matter  in 
the  earth  and  its  thermal  significance  would  be  obviously  premature. 
Tlie  available  data  are  too  scanty,  too  discordant,  and  in  some 
respects  too  incomplete  for  such  a  piuT)ose.  According  to  Strutt, 
the  radium  must  be  mainly  within  an  outer  shell  of  rock  of  relatively 
moderate  thickness;  for  if  it  were  uniformly  diffused  throughout  the 
earth  the  eartli  would  be  growing  warmer,  which  is  highly  improb- 
able.^ Its  precise  distribution,  however,  can  only  be  determined 
after  many  more  experiments  have  been  made,  in  wliich  the  radio- 
activity of  each  rock  mass  shall  be  correlated  with  its  exact  petrologic 
nature.  An  apparent  ** granite,''  for  example,  may  be  really  a  meta- 
morpliic  rock  in  masquerade,  and  not  a  true  plutonic.  The  thorough 
geologic  and  petrologic  study  of  each  sample  of  rock  should  go  hand  in 
hand  with  its  radioactive  measurement.^ 

On  the  purely  qualitative  side  of  the  problem  more  can  be  said. 
It  is  proved  that  the  surface  rocks  of  the  earth  contain  diffused 
radium,  and  that  must  be  emitting  heat  at  a  definite  rate.  On  this 
basis  of  fact  Maj.  C.  E.  Dutton  ^  has  suggested  that  volcanic  heat 
maj'^  be  developed  by  radioactivity  in  limited  tracts  from  1  to  3  and 
not  over  4  miles  below  the  surface  of  the  earth.  Heat  thus  developed 
might  so  accumulate  as  to  fuse  the  rocks  in  which  it  was  generated. 
In  time,  when  enough  material  was  melted,  the  water  inclosed  in  the 
magma  thus  produced  would  become  explosive,  and  an  eruption 
would  follow.  Then  a  period  of  quiet  would  ensue,  more  heat  would 
be  released  by  the  subterranean  radium,  and  another  explosion  would 
occur.  Thus  Dutton  explains  the  periodicity  of  eruptions,  and  he 
argues  that  no  permanent  reservoirs  of  molten  magma  are  required 
in  order  to  account  for  volcanic  phenomena.  Button's  views  have 
been  opposed  by  G.  D.  Louderback,*  partly  on  geologic  grounds,  and 
partly  because  radiferous  minerals,  such  as  uraninite,  are  not  found 
among  volcanic  products.  On  the  other  hand  Joly*  is  inclined  to 
favor  Button's  suggestion,  having  found  Vesuvian  lavas  to  be  highly 
radioactive.  His  figures,  for  the  lavas  emitted  since  1621,  give,  in 
mean,  12.3  X 10""  grams  of  radium  per  gram  of  rock,  an  astonbhingly 
high  figure,  which  seems  to  need  verification. 

1  See  also  C.  Liebenow,  Physikal.  Zeltschr.,  vol.  5, 1904,  p.  62S. 

s  See  A.  Holmes  (Sci.  Progress,  vol.  9,  p.  12, 1914)  for  an  Interesting  paper  on  the  distribution  of  ladiaB 
tn  the  earth. 

•  Joui.  Geology,  vol.  14, 1906,  p.  259. 
« Idem,  p.  747. 

•  Philos.  Hag.,  6th  ser.,  vol.  18, 1909,  p.  577.    The  possible  relation  of  volcaniam  to  radioactivity  is : 
discussed  by  F.  von  Wolff,  Zeitschr.  Deutscfa.  geol.  OeseU.,  vol.  60, 1908,  p.  431. 
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hi  speculations  of  this  order  there  is  u  certain  fascination,  but  also 
a  tendmicy  to  push  the  conclusions  too  far.  It  is  extremely  proba- 
Ue  that  radioaction  may  account  for  part  of  the  heat  emitted  from 
Folcanic  vents,  but  whether  it  is  the  greater  part  or  not  is  more  uncer- 
tain. In  any  case,  the  reported  radioactivity  of  potassium*  must  be 
taken  into  account,  a  metal  millions  of  times  more  abundant  than 
radium,  which  fact  may  offset  its  feeble  intensity.  Mechanical  agen- 
cies and  chemical  reactions  also  count  for  something  in  volcanic 
phenomena,  and  the  heat  due  to  them  should  not  be  ignored.  It  is 
much  more  likely  that  the  phenomena  are  produced  by  a  combination 
of  causes  than  that  they  are  ascribable  to  any  one  cause  alone. 

The  final  degradation  products  of  radium,  and  therefore  of  its 
parent,  uranium,  are  helium'  and  lead.  The  elementary  pedigrees 
are  somewhat  long,  and  their  consideration  in  detail  would  be  out 
of  place  here.  The  rate  at  which  hehum  is  generated  is  fairly  well 
known,  and  upon  that  constant  a  method  of  determining  the  age  of 
minerals  has  been  based.^  Given  the  amoimt  of  uranium  or  radium 
in  a  rock  or  mineral,  and  also  the  amount  of  helium  which  it  contains, 
and  the  length  of  time  required  to  generate  the  hehimi  is  easily 
calculated. 

By  this  method  Rutherford  computed  the  ages  of  a  fergusonite 
and  a  uraninite  at  something  over  500,000,000  years;  the  figures 
being  minima  because  some  helium  might  have  escaped.  Joly, 
revising  the  calculations  by  means  of  a  different  value  for  the  rate 
of  change  of  uranium  into  radium,  reduced  the  estimate  to  241,000,000 
years..  By  the  same  method  Strutt  foimd  the  age  of  thorianite  from 
Ceylon  to  be  above  280,000,000  years,  and  of  a  Canadian  sphene 
710,000,000  years.  For  more  modem  minerals  Strutt  fo^nd  much 
smaller  ages.  Sphaerosiderite  from  the  Ohgocene  was  found  to  be 
8,400,000  years  old;  hematite  from  the  Eocene  31,000,000;  and 
hematite  from  the  Carboniferous  150,000,000  ye^rs.  He  also  studied 
a  number  of  phosphatic  nodules,  which  gave  still  lower  figures,  in  one 
case  225,000  years.  The  order  of  tlie  geological  formations  was  approx- 
imately followed,  the  oldest  minerals  being  found  in  the  oldest  rocks. 

» See  N.  R.  Campbell  and  A .  Wood,  Proc.  Cambndgt?  Phllos.  Soc.,  vol.  14, 1906-1908,  p.  15;  and  Campbdl, 
idm,  pp.  2U,  557.  Also  £.  Heoriot,  Compt.  Rend.,  vol.  14$,  1909,  p.  910;  Heniiot  aod  G.  Varon,  Idem^ 
▼oi.  149,  p.  30;  J.  C.  McLennan  and  W.  T.  Kennedy,  Ph^slkal.  Zeitschi.,  vol.  9, 1908,  p.  510.  H.  Levin  and 
R.  Ruer  (idem,  vol.  10,  1900,  p.  570)  studied  many  elements  other  than  those  strongly  radioactive  and 
found  only  K  and  Rb  to  emit  imdoubted  radiations.  W.  W.  Strong  (Am.  Chem.  Jour.,  vol.  42,  1909, 
p.  147)  obtained  similar  results  and  also  found  radiooctivity  in  erbium.  R.  J.  Strutt  (rroc.  R<^.  Soc., 
vol.  81A,  1908,  p.  278)  suggests  that  the  helium  in  the  Stassfurt  salts  may  be  derived  from  potaadnm. 

*  Aceording  to  F.  Soddy  (Thilos.  Mag.,  6th  ser.,  vol.  10,  190S,  p.  513),  uranium  and  thorium  both  jMd 
helium. 

'See  E.  Rutheiford,  Radioactive  tiansfoimations,  p.  187.  For  applications  of  the  method,  see  R.  J. 
Strutt,  Pioc.  Roy.  Soc.,  ser.  A,  vol.  81, 1908,  p.  272;  vol.  83, 1909,  pp.  96, 298;  vol.  84, 1910,  pp.  IM,  379.  For 
criticisms  of  the  method,  see  M.  Levin,  Zeitschr.  ElektroOhemie,  vol.  13, 1907,  p.  890;  G.  F.  Bockei;  BulU 
Geol.  Soc.  America,  vol.  19, 1908,  p.  113;  J.  Joly,  Radioactivity  and  geology,  ch.  11;  J.  Koenigsberger,  GeoL 
Rundschau,  vol.  1, 1910,  p.  245:  and  A.  Holmes,  Tioc.  Roy.  Soc.,  vol.  85A,  1911,  p.  248.  Holmes's  book. 
The  age  of  the  earth,  LK)ndon,  1013,  is  an  excellent  summary  of  thcsubject.  See  also  recent  papers  by  lol^ 
in  Phllos.  Mag.,  6th  ser.,  vol.  22, 1911,  p.  358,  and  Sci.  Progress,  vol.  9, 19U,  p.^ . 
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To  this  method  of  computing  the  age  of  minerals  there  are  serious 
objections,  especially  if  it  is  assumed  tliat  all  the  helium  was  generated 
by  radioactive  decay.  Helium  is  found  in  the  nebulae,  the  hotter 
starS;  and  the  sun;  but  uranium,  thorium,  and  radium  have  not  yet 
been  recognized  in  the  solar  spectrum.  B.  Hasselberg*  in  a  careful 
comparison  of  the  solar  spectrum  with  that  of  uranium  failed  to 
detect  its  presence.  P.  G.  Nutting*  was  similarly  unsuccessful  when 
he  compared  Exner  and  Haschek's  table  of  the  spectrum  of  uranimn 
with  a  30-foot  reproduction  of  the  solar  spectrum.' 

Furthermore,  heUum  is  not  only  found  in  minerals  containing 
uranium,  but  also  under  other  conditions.  For  example,  in  certain 
beryls  Strutt*  found  much  helium  but  no  radioactive  parent  from 
which  it  might  have  been  generated.  The  hchmn  in  such  cases  may 
have  originated  from  unknown  radioactive  substances  of  such  great 
instabihty  that  no  trace  of  them  remains  imchanged,  but  this  is  pure 
speculation.  A.  Piutti*  found  that  heUum  is  generally  present  in 
minerals  containing  glucinimi,  but  with  no  r^ular  ratio  between 
the  two  elements.  He  has  also  •  shown  that  heUum  is  absorbed 
by  certain  melted  salts  and  minerals,  and  that  its  presence  therefore 
tells  nothing  of  their  age. 

The  permeability  of  quartz  to  helium,  which  is  perceptible  at  220° 
and  very  great  at  1,100°,  may  have  some  bearing  on  the  problem 
now  before  us.^  That  minerals  should  differ  in  their  permeability, 
and  also  in  their  capacity  for  retaining  heliimi  is  almost  beyond 
question.  Another  difficulty  is  suggested  by  the  work  of  Ellen 
Gleditsch,'  who  has  shown  that  the  ratio  between  radiiun  and  uranium 
in  minerals  is  not  constant.  That  ratio  enters  into  many  of  the 
calculations  relative  to  the  age  of  radioactive  minerals.  A  still 
greater  difficulty  appears  when  we  take  into  consideration  the 
presence  of  heliimi  in  the  waters  of  many  springs.  From  one  spring 
at  Santenay,  in  France,  according  to  C.  Moiu-eu  and  A.  Lepape/ 
17,845  liters  of  helium  are  brought  to  the  surface  in  one  year.  To 
supply  this  quantity  the  radioactive  decay  of  not  less  than  91  metric 
tons  of  radium,  or  500,000,000  tons  of  pitchblende  or  thorianite 
would  be  required.  The  presence  of  helimn  in  natural  gas,  in  one 
instance  up  to  nearly  2  per  cent,  is  similarly  suggestive.    From  all 

1  K.  Svensk.  Vet.  Akad.  Handl.,  vol.  45,  No.  5,  p.  63, 1010. 

*  See  Becker,  Bull.  Geol.  Soc.  America,  vol.  19,  p.  123, 1908. 

*  F.  W.  Dyson  (Astron.  Nacbricbten,  vol.  192,  p.  82, 1912)  baa  reported,  somewhat  doubtftxily,  lines <tf 
radium  in  the  spectrum  of  the  solar  chromospbere.  H.  Qiebeler  (idem ,  vol.  191,  p.  401, 1912)  has  detected 
ladiom  and  its  emanation  in  the  spectrum  of  the  star  Nova  Geminorum  2.  These  observations  need  con- 
firmation.  Recent  investigations  have  failed  to  support  them. 

« Proc.  Roy.  Soc.,  vol.  80A,  1908,  p.  672. 

« Atti  R.  accad.  Linoei,  5th  ser.,  vol.  22,  pt.  1, 1913,  p.  140. 

« Jour.  Chem.  Soc.,  vol.  100,  pt.  2,  p.  88, 1911  (abstract). 

'  See  A.  Jaquerod  and  F.  L.  Pcrrot,  Compt.  Rend.,  vol.  139, 1904,  p.  789;  vol.  144, 1907,  p.  135. 

» Idem,  vol.  148, 1909,  p.  1451;  vol.  149, 1909,  p.  267. 

« Idem,  vol.  155, 1912,  p.  197.    . 
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these  .^considerations  it  ia  evident  that  primordial  or  ''fossil"  helium 
must  be  taken  into  account;  and  also  the  possibility  that  the  reaction 
by  which  uranium  decays  may  be  reversed  under  the  enormous 
pressures  and  high  temperatures  existing  within  the  earth.^  On  the 
basis  of  that  supposition  we  can  imagine  that  some  of  the  heliimi 
foimd  in  minends  may  be  only  left-over  material  from  the  original 
reactions  in  which  the  heavier  elements  were  formed. 

Assuming  that  lead  is  the  final  product  of  the  degradation  of 
iu*aniumy  B.  B.  Boltwood  *  has  sought  to  determine  the  age  of  cer- 
tain minerals  from  the  ratio  between  the  two  metals  when  both 
are  present.  -  The  ratio  multipUed  by  10*®  gives  the  approximate 
f^e.  By  this  method  Boltwood  found  ages  for  various  minerals 
ranging  between  410,000,000  years  for  a  uraninite  from  Connecticut 
to  2,200,000,000  years  for  Ceylonese  thorianite,  the  last  figure  being 
several  times  larger  than  that  given  by  Strutt.  The  great  imcertainty 
of  such  calculations,  however,  has  been  clearly  pointed  out  by  G.  F. 
Becker,'  who  has  appUed  it  to  the  rare-earth  minerals  from  Baringor 
Hill,  Llano  County,  Texas,  with  the  following  results: 

Yttrialite  (Mackintoeh) 11, 470, 000, 000  years. 

Yttrialite  (Hillebrand) 5, 136, 000, 000  years. 

Mackintoehite  (Hillebrand) 3, 894, 000, 000  years. 

Nivenite  (Mackintosh) 1, 671, 000, 000  years. 

Fergiisonite  (Mackintosh) 10, 350, 000, 000  years. 

Fergusonite  (Mackintosh) 2, 967, 000, 000  years. 

The  list  might  be  extended  still  further,  but  it  is  full  enough  as  it 
stands.  The  minerals  are  all  from  one  deposit,  which  is  of  about  the 
same  geologic  age  as  the  Connecticut  uraninite  studied  by  Boltwood, 
and  yet  the  figures  vary  enomjously,  even  for  a  single  species.  That 
lead  is  sometimes  derived  from  uranium  seems  to  be  well  establishedi 
but  that  all  the  lead  in  a  given  mineral  had  that  origin  is  extremely 
doubtful.  In  the  evolution  of  the  chemical  elements  lead  was 
probably  formed  before  uranium  and,  being  more  stable,  was  gen- 
erated in  larger  quantities.  !Magmatic  lead,  as  represented  by  galena, 
has  been  found  in  pegmatites,  and  in  some  form  or  other  it  might 
easily  have  become  entangled  with  other  impurities  when  crystalli- 
zation of  the  uranium  ores  first  took  place.  This  possibility,  which 
has  since  become  almost  a  certainty,  is  pointed  out  by  Becker  very 
clearly.  In  fact,  it  has  been  proved  that  the  lead  obtained  from 
radioactive  minerals  is  of  at  least  three  different  kinds,  namely, 
normal  or  prunordial  lead,  uranium  lead,  and  thorium  lead,  the 
last  two  being  known  as  ''isotopes''  of  the  ordinary  metal.    These 

1  This  possibility  is  recognized  by  Rutherford,  op.  cit.,  p.  194;  by  M.  Levin,  Zeitschr.  Elektrochemie, 
foL  13, 1907,  p.  390;  and  also  by  Becker  in  the  paper  Just  cited. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  23, 1907,  p.86. 

*  Bull.  Geol.  8oc.  America,  vol.  19, 1908,  p.  134.    See  also  F.  Zambonini,  Atti  R.  accad.  Lincei,  £th  ser. 
vol.  20,  pt.  2, 1911,  p.  131:  and  R.  W.  Lawson,  Univ.  Durham  Philos.  Soc.  Proc.,  vol.  5,  V^Vi,-^,***. 
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isotopes  are  identical  with  normal  lead  in  nearly  all  their  chemical 
relations,  except  that  they  differ  from  it  in  atomic  weight  and  also 
in  such  physical  properties  as  density.  The  atomic  weight  of  normal 
lead  has  been  shown  by  G.  P.  Baxter  and  F.  L.  Grover*  to  be  con- 
stant, for  their  very  exact  determinations,  made  with  lead  from  eight 
different  sources,  gave  values  ranging  from  207.20  to  207.22,  a  varia- 
tion quite  within  the  allowable  limits  of  experimental  error.  Lead  from 
uranium  ores,  however,  as  shown  by  the  researches  of  T.  W.  Richards 
and  his  coUeagues  and  of  HOnigschmid  and  Horovitz,^  has  an  atomic 
weight  varying  from  206.042  to  207.004;  while  that  from  thorium 
minerals  is  at  least  as  high  as  207.77,  and  probably  higher.'  It  has 
been  suggested  that  normal  lead  is  a  balanced  mixture  of  these  two 
isotopes,  but  its  definite  atomic  weight  negatives  that  supposition. 
In  order  to  fulfill  such  a  condition  it  would  be  necessary  that  the 
isotopes  should  always  conmiingle  in  the  same  definite  proportions, 
and  that  is  extremely  improbable.  Furthermore,  there  seems  to  be 
a  fundamental  difference  between  normal  lead  and  its  radioactive 
varieties;  one  is  the  product  of  the  orderly  evolution  of  the  chemical 
elements ;  the  others  are  formed  by  their  decay.  The  normal  elements 
are  now  regarded  as  veritable  storehouses  of  potential  energy,  which 
in  radioactive  transformations  becomes,  in  part,  at  least,  kinetic. 
Stability  characterizes  the  one  class  of  elements,  instability  the  other- 
From  the  evidence  given  by  the  atomic  weights  it  is  now  plain 
that  the  uranium-lead  ratio  is  of  very  questionable  value  in  deter- 
mining the  age  of  minerals.  Many  uranium  ores  contain  thorium  also, 
and  that  of  course  changes  the  ratio  and  tends  to  lower  their  esti- 
mated ages.  The  presence  of  primordial  lead  lowers  them  still  more, 
and  to  an  uncertain  extent,  for  the  relative  proportions  of  the  three 
components  of  isotopic  lead  are  not  easily  determinable.  For  tho- 
rianite,  Boltwood,  using  the  uraniimi-lead  ratio  alone,  foimd  an  age 
of  2,200,000,000  years.  In  that  mineral,  however,  thorium  is  more 
than  five  tunes  as  abimdant  as  lead.  If  that  is  taken  into  account, 
the  computed  age  of  the  mineral  is  reduced  to  less  than  500,000,000 
years,  and  no  exact  figiu-e  can  be  given.  How  much  of  the  lead  in 
the  thorianite  is  primordial  is  unknown,  and  the  rate  of  change  from 
thoriimi  to  lead  is  not  fixed  with  any  great  assurance  of  certainty.* 

» Jour.  Am.  Chem.  Soc.,  voL  37, 1915,  p.  1027. 

«  For  a  summary  of  all  these  detcrminatians  see  F.  W.  Clarke,  Proc.  Nat.  Acad.  Sci.,  vol.  4, 1918,  p.  181. 

*  A  more  recent  determinatioa  by  HGnicpKhmid  gives  207.90  as  the  atomic  weight  of  thorium  lead.  Even 
this  may  not  bo  final. 

« For  additional  arguments  against  oalcnlaticms  of  this  sort,  see  O.  F.  Becker,  Bull.  Qeol.  Soc.  Ameiioa, 
vol.  26, 1915,  p.  171.  Bee  also  H.  6.  Shelton,  Chem.  News,  voL  116, 1917,  p.  250.  For  their  defense,  see  A. 
Holmes  and  R.  W.  Lawson,  Fhilos.  Mag.,  6th  ser.,  vol.  28, 1914,  p.  823,  and  vol.  29, 1915,  p.  673;  also  Holmas, 
Proc.  Geologist's  Assoc.,  vol.  26, 1915,  p.  280,  and  Geol.  Mag.,  1915,  p.  IM,  and  1916,  p.  265.  In  Bull.  Oeol. 
Soc.  America,  vol.  28, 1918,  p.  745,  J.  Barrell  gives  a  good  summary  of  all  the  methods  for  computing  the  age 
of  the  earth,  and  indorses  those  based  on  radioactivity. 
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One  other  method  for  computing  the  age  of  minerals  is  based  on 
radioactive  phenomena.  In  certain  minerals,  micas  for  example, 
little  colored  rings  are  observed,  surromiding  a  presumably  radio- 
active nudeus.  From  measurements  of  those  "pleochroic  haloes" 
J.  Joly  Bxxd  others^  have  computed  ages  comparable  with  those 
derived  from  the  helium  and  lead  ratios.  The  data,  however,  are 
not  sharp,  and  it  is  doubtful  whether  much  weight  can  be  given  to 
the  calciilations. 

Finally,  the  discordance  between  the  foregoing  computations  and 
other  methods  of  ascertaining  the  age  of  the  earth  is  extraordinary. 
From  chemical  denudation,  from  paleontological  evidence,  and  from 
astronomical  data  the  age  has  been  fixed  with  a  noteworthy  degree 
of  concordance  at  something  between  50  and  100  millions  of  years.' 
The  high  values  found  by  radioactive  measurements  are  therefore  to 
be  suspected  until  the  discrepancies  shall  have  been  explained.^ 

>  See  7.  Joly  and  A.  L.  Fletdier,  Fhilos.  Hag.,  6tli  ser.,  vol.  19, 1910,  p.  630;  and  J.  Joly  and  £.  Rutherfocd, 
idem,  vol.  25, 1913,  p.  091. 

sSee  G.  F.  Becker,  Smithsonian  Misc.  Coll.,  vol.  56,  No.  6, 1910. 

t  See  7.  Ifarokwald^  Ber.  Deatsch.  chem.  QeselL,  voL  41, 1908,  p.  1559,  for  a  smnmary  of  the  sal^Ject  of 
ndioacUvity.  Madame  M.  S.  Curio's  Tiait6  de  iadioacti>it^  2  vols.,  Paris,  1910,  is  also  most  Important. 
In  Zeitschr.  Elektrochemie,  vol.  13, 1907,  pp.  369-406,  is  a  scries  of  papers  forming  a  symposium  upon  the 
snl^ieot.  A  curious  attempt  to  reconcile  radioactive  and  erosional  methods  of  computing  time  is  due  to 
F.  C.  Brown  (Le  Radium,  October,  1912,  p.  352),  who  suggests  that  the  sodium  of  the  ocean  may  hsLve  beef^. 
derived  from  some  unlmown  radioactive  parent .   This  is  speculation  pure  and  simple. 


CHAPTER  X. 

ROCK-FORMING  MINERALS. 

PREUMINARY  STATEMENT. 

When  a  magma  solidifies,  it  may  do  so  either  as  a  glass  or  as  an 
aggregate  of  crystalline  minerals.  In  the  latter  process,  which  is  the 
first  step  in  the  general  process  of  magmatic  differentiation,  and  in 
which  molecular  diffusion  plays  an  important  part,  each  mineral  is 
distinctly  marked  off  in  space  and  occupies  a  region  of  its  own.  It 
may  not  be  pure;  it  may  entangle,  during  its  formation,  particles  of 
other  substances,  but  its  definiteness  and  integrity  are  none  the  less 
clear. 

Although  more  than  a  thousand  distinct  mineral  species  are  known 
to  science,  only  a  relatively  small  number  of  them  are  in  any  sense 
abundant  or  to  be  reckoned  as  essential  constituents  of  rocks.  An 
igneous  rock  is  usually  a  mixture  of  silicates,  containing,  as  basic 
metals,  potassium,  sodium,  calcium,  magnesium,  iron,  and  aluminum, 
with  oftentimes  free  silica.  Other  substances  are  present  only  in 
quite  subordinate  proportions.  There  may  be  small  quantities  of 
phosphates,  especially  apatite,  some  fluorides,  various  free  oxides,  the 
titanium  minerals,  zircon,  sulphides  in  trivial  amoimt,  and  sometimes 
free  elements,  such  as  graphite  or  metallic  iron;  but  these  constitu- 
ents of  a  rock  have  only  minor  significance,  except  in  some  exceed- 
ingly rare  instances.    TTie  exceptions  need  not  be  considered  now. 

Each  mineral  species,  using  the  word  in  its  rigorous  sense,  is  a  defi- 
nite chemical  entity,  capable  of  formation  only  under  certain  diistinct 
conditions,  and  liable  to  alteration  in  various  ways.  Each  one  may 
be  studied  as  it  exists  in  nature,  with  the  alterations  which  it  there 
undergoes;  or  it  may  be  investigated  synthetically,  with  reference  to 
its  possible  modes  of  origin,  or  by  analytical  methods  in  order  to 
determine  what  transformations  it  is  likely  to  experience.  Both 
methods,  the  experimental  and  the  observational,  furnish  legitimate 
lin^  of  attack  upon  geological  problems.  A  mineral,  with  its  associa- 
tions, is  a  record  of  chemical  changes  that  have  taken  place,  but  they 
do  not  end  its  history.  It  is  still  subject  to  decay — that  is,  to  trans- 
formations into  other  forms  of  matter,  and  their  study,  chemically 
or  in  the  field,  constitutes  an  important  part  of  metamorphic  geology. 
Alteration  products  are  highly  significant,  but  their  investigation 
demands  extreme  caution.  Errors  of  diagnosis  have  been  common  in 
the  past,  both  as  to  the  nature  of  substances  and  with  regard  to  their 
implications;  and  each  reported  case  of  alteration,  therefore,  should 
316 
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be  submitted  to  the  severest  scrutiny.  A  compact  muscovite,  for 
example,  may  easily  be  mistaken,  on  superficial  examination,  for  talc 
or  serpentine;  and  errors  of  that  kind  may  deprive  an  otherwise  good 
observation  of  all  its  meaning. 

Many  compoimds,  identical  with  natural  minerals,  have  been  pro- 
pared  by  laboratory  methods,  which  may  either  reproduce  the  condi- 
tions existing  in  nature  or  vary  widely  from  them.  Each  substance 
can  be  made  in  several  different  ways,  and  so  the  results  of  experi- 
ment may  or  may  not  have  geological  significance.  In  one  process 
the  conditions  of  a  cooling  magma  are  exactly  paraDeled;  whereas 
another  may  have  no  relation  to  the  phenomena  observed  by  the 
geologist.  The  correct  interpretation  of  laboratory  experiments  is, 
therefore,  an  affair  demanding  nicety  of  judgment;  and  the  discrincb- 
ination  between  relevant  and  irrelevant  data  is  not  always  easy.  The 
synthesis  of  a  mineral  may  be  chemically  important,  and  yet  shed 
no  light  upon  the  problems  of  geology.  Still,  indirect  testimony  is 
often  of  value,  and  none  of  it  should  be  rejected  hastily. 

In  the  following  pages  the  more  important  minerals  of  the  igneous 
and  metamorphic  rocks  will  be  considered  individually,  from  the 
various  points  of  view  indicated  in  the  preceding  paragraphs.  Im- 
portance and  abimdance,  however,  do  not  always  go  together.  A 
relatively  infrequent  mineral  may  be  important  for  what  it  signifies 
and  therefore  receive  more  attention  here  than  some  of  the  commoner 
species.  In  a  general  way  the  usual,  order  of  mineral  classification  will 
be  followed,  but  not  rigorously.  In  some  cases,  for  petrographic 
purposes,  two  minerals  may  be  studied  consecutively  which  in  a  text- 
book upon  mineralogy  would  be  widely  separated.  The  problems 
of  paragenesis,  which  are  all-important  here,  are  quite  independent 
of  mineralogical  classification.  The  titanium  minerals — rutile,  ilmen- 
ite,  perofskite,  and  titanite,  for  example — can  be  properly  considered 
successively,  although  one  is  an  oxide,  two  are  titanates,  and  the 
fourth  is  a  titanosilicate.  Petrographically  they  belong  together; 
mineralogically  they  do  not.  So  much  premised,  we  may  go  on  to 
study  the  individual  species,  as  follows,  beginning  with  the  free  ele- 
ments, carbon  and  iron.  The  inclusion  of  diamond  in  this  category 
may  be  justified  by  the  fact  that  it  is  essentially  a  mineral  of  mag- 
matic  origin. 

DIAMOND  AND    GRAPHITE. 

Diamond. — Pure  or  nearly  pure  carbon.  Isometric.  Atomic 
weight,  12;  molecular  weight,  unknown.  Specific  gravity,  3.5. 
Atomic  volume,  3  4.  Hardness,  10.  Colorless  to  black,  with  various 
shades  of  yellow,  green,  blue,  red,  and  brown.  The  black  carbonado 
has  a  specific  gravity  slightly  below  that  of  the  pure  diamond,  rang- 
ing from  3.15  to  3.29.     Fusibility  unknown,  probably  above  3,000^. 
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Combustible  at  high  temperatures,  between  800^  and  850^,  according 
to  H.  Moissan,^  although  oxidation  begins  at  a  point  somewhat 
lower. 

The  diamond  has  been  produced  artificiallj  in  several  ways. 
B.  S.  Marsden,^  in  1880,  claimed  to  have  obtained  minute  crystals 
£rom  the  solution  of  amorphous  carbon  in  molten  silver.  J.  B.  Han- 
nay,^  by  heating  amorphous  carbon  with  bone  oil  and  metallic 
lithium,  under  great  pres8iu*e,  also  secured  a  few  crjrstals  of  carbon 
which  appeared  to  be  in  the  form  of  diamond.  Moissan/  however, 
was  the  first  to  obtain  unimpeachable  results.  He  dissolved  carbon 
in  melted  iron,  and  cooled  the  mass  suddenly  under  pressure.  From 
the  cooled  iron,  undoubted  crystals  of  diamond  were  isolated. 
J.  Friedlander^  dissolved  graphite  in  fused  ohvine  and  obtained 
small  diamonds,  and  B.  von  Hasslinger,^  by  solution  of  amorphous 
carbon  in  an  artificial  magnesiimi  sihcate  magma,  was  similarly 
successful.  A  little  later  B.  von  Hasslinger  and  J.  Wolffs  repeated 
and  varied  this  experiment,  using  different  magmas  in  order  to 
determine  under  what  conditions  the  diamonds  would  be  formed. 
Magnesia,  and  Uoie  appeared  to  favor  the  crystallisation  of  the  car- 
bon, but  a  high  proportion  of  silica  in  the  magma  seemed  to  act 
adversely.  According  to  Hasslinger  and  Wolff,  a  carbide  is  probably 
first  produced,  from  which,  later,  the  carbon  separates  in  adamantine 
form.  L.  Franck  and  Ettinger®  claim  to  have  found  diamonds  in 
hardened  steel,  and  A.  Ludwig®  observed  their  formation  when  an 
electric  current  was  passed  through  an  iron  spiral  embedded  in 
powdered  gas  carbon,  in  an  atmosphere  of  hydrogen  and  under 
great  pressure.  In  a  later  investigation  Ludwig^^  fused  a  mixture 
of  carbon  and  iron  in  an  electric  stream,  and  then  suddenly  chilled 
the  mass  by  admission  to  it  of  water  under  a  pressure  of  2,200  atmos- 
pheres. Under  these  conditions  of  pressure  and  instantaneous 
cooling  the  fused  carbon  sohdified  in  the  form  of  minute  diamonds. 
With  slow  cooling  the  more  stable  graphite  is  produced.  These 
observations  accord  with  the  conclusions  of  Moissan/^  who  finds 

»Compt.  Rend.,  vol.  135,  1902,  p.  Wl. 

>  Proc.  Boy.  Soo.  Edinburgh,  vol.  11,  1880-81,  p.  20.  K.  Chnistchofl  (Zeitschr.  anorg.  Cbemie,  vol.  4, 
1883,  p.  472)  also  obtained  diamonds  from  solution  in  silver.  Molten  silver,  he  says,  can  dissolve  about 
G  per  cent  of  carbon. 

» Proc.  Roy.  Soc.,  vol.  30, 1880,  pp.  188, 450. 

•  Compt.  Rend.,  vol.  116,  1893,  p.  218.  Also  C.  Friedel,  idem, p. 224,  and  Q.  Majorana,  Alti  R.  accad. 
Lincci,  5th  ser.,  vol.  6,  pt.  2, 1897,  p.  141. 

» Abstract  in  Gool.  Mag.,  1896,  p.  226. 

•  Monatsh.  Cbemie,  vol.  23, 1902,  p.  817.  • 
'  Sitzungsb.  Akad.  Wien,  vol.  112, 1903,  p.  507. 

s  Chem.  Centralbl.,  1896,  pt.  2,  p.  573.    From  Stahl  u.  Eisen,  vol.  16,  p.  585. 

•  Chem.  Zeitung,  vol.  25, 1901,  p.  979. 

^0  Zeitschr.  Elektrochemie,  vol.  8, 1902,  p.  273.  ^ 

"  Compt.  Rend.,  vol.  140, 1908,  p.  277.  Bee  also  Annales  chim.  phys.,  8th  ser.,  vol.  5, 1905,  p.  174.  On 
diamonds  in  blast-fumaoe  slag  aiid  the  oonditions  of  their  possible  formation,  see  U.  Fteissner,  OestMr. 
Zoitschr.  Berg-  u.  Hattenv.,  vol.  58, 1910,  pp.  521,  539,  550,  570.  See  also  F.  Neumann,  Zeitschr.  Elek- 
trochomie,  vol.  15, 1909,  p.  817.  W.  von  B(dtoa  has  reported  the  nscrystallization  of  diamond  dust,  uixler 
the  influence  of  mercury  vapor  derived  from  sodium  amalgam,  Zeitschr.  Elektrochonie,  vol.  17,  p.  971, 1911. 
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thut  when  earbon  is  raised  to  a  high  temperature  at  atmospheric 
I»:essiire  it  volatilizes  without  fusion  and  on  cooling  always  jrields 
grajdiite  alone.  In  Moissan's  work,  however;  external  pressure  is 
not  apidied.  It  is  generated  by  internal  expansion  within  the  iron, 
when  the  surface  of  the  latter  is  suddenly  cooled.  The  addition  of  a 
Uttle  ferrous  sulfide  to  the  fused  iron  seems  to  in^ease  the  yield 
of  diamonds. 

According  to  G.  Rousseau/  diamond  is  formed  at  ordinary 
pressures  when  acetylene,  generated  from  calcium  carbide,  is  decom- 
posed by  an  electric  current  at  a  temperatiure  of  about  3,000^. 
C.  V.  Burton^  claims  to  have  obtained  diamond  crystals  from  solu- 
tion in  molten  lead  to  which  about  1  per  cent  of  calcium  had  been 
added.  Furthermore,  Sir  William  Crookes^  has  detected  diamonds 
in  the  ash  of  cordite  which  had  been  exploded  in  closed  vessels.  In 
the  last  instance  the  pressure  generated  must  have  been  very  high. 

Still  more  recently  Sir  Charles  A.  Parsons^  has  made  numerous 
experiments  upon  the  formation  of  diamond,  starting  with  Moissan's 
method  but  varying  the  details.  He  concludes  that  the  diamonds 
are  formed  at  a  tanperatmre  of  about  690^  C.  and  that  they  are 
derived  from  occluded  gases,  of  which  carbon  monoxide  is  the  most 
important.  When  the  melt  is  slowly  cooled,  no  diamonds  are  pro- 
ducedy  because  the  gases  escape;  but  with  practically  instantaneous 
cooling  the  gases  are  retained,  and  then  diamonds  can  be  formed. 
High  pressures,  except  in  so  far  as  they  are  developed  during  the 
cooling  of  the  melt  and  within  it,  are  imessential  to  success.  Par* 
sons  suggests  that  carbides,  such  as  carborundum,  are  first  formed, 
and  that  the  actual  reaction  involves  them,  together  with  iron, 
sulphur,  and  carbon  monoxide. 

In  nature  the  diamond  was  formerly  found  most  commonly  in 
gravels,  and  until  recently  little  was  known  of  its  parent  rock.  It 
has  also  been  discovered  in  several  meteorites,  as  in  the  meteoric 
stones  of  Novo-Urei,  Russia,®  and  Carcote,  Chile,"  and  the  meteoric 
iron  of  Canyon  Diablo.'  The  Novo-Urei  stone  is  essentially  a  mix- 
ture of  olivine,  67.48  per  cent,  with  augite,  23.82  per  cent,  and  there- 
fore resembles  a  peridotite.  The  Canyon  Diablo  iron  contains 
nodules  of  iron  sulphide,  troilite,  which  recall  Moissan's  latest 
experiments,  and  also  graphite.     For  each  occurrence  the  artificial 

1  Compl.  R«nd.,  vol.  117, 1893,  p.  164. 
s  Nature,  vol.  72, 1906,  p.  397. 

•  Pwe.  Roy.  Soc.,  vol.  76  A,  1905,  p.  458. 

«  Engineerlxig,  vol.  105,  1918,  p.  485.    Still  other  experiments  have  been  made  by  O.  Raff  (Zeitschr. 
anorg.  allgem.  Chemie,  vol.  99, 1917,  p.  73),  but  I  have  not  seen  the  details  of  them. 

•  M.  Ero(6ef  and  P.  Latschinofl,  Jour.  Russ.  Cbem.  8oc.,  vol.  20, 1888,  p.  185.    Abstract  hi  Jour.  Chem. 
Soe.,  vol.  56,  1880,  p.  224. 

•  W.  Win  and  J.  Plnnow,  Ber.  Deutsch.  chem.  Gesell.,  vol.  23, 1890,  p.  345. 

•  O.  A.  Koenig  and  A.  E.  Foote,  Am.  Jour.  Sci.,  3d  ser.,  vol.  42, 1801,  p.  413. 
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production  of  diamonds  furnishes  a  parallel — Hasslinger's  work  in 
one  case,  Moissan's  in  the  other. 

The  origin  of  the  diamond  as  a  mineral  seems  to  be  clearly  indi- 
cated by  the  foregoing  data.  It  is  formed  by  crystallization  from  the 
solution  of  carbon  in  a  fused  magma,  and  the  latter,  in  most  cases, 
seems  to  have  had  the  composition  of  a  peridotite — an  association 
which  is  also  seen  in  the  Novo-Urei  meteorite.  In  the  South  African 
mines  the  diamonds  occur  in  or  near  volcanic  pipes,  embedded  in  a 
decomposed  rock,  which  has  been  described  as  a  peridotitic  tuff  or 
breccia.*  The  volcanic  character  of  this  matrix  or  "blue  ground" 
was  early  recognized,  and  several  authorities,  notably  the  late  H. 
Carvill  Lewis,'  have  ascribed  the  origin  of  the  diamonds  to  the  sol- 
vent action  of  the  molten  peridotite  magma  upon  the  carbonaceous 
shales  through  which  it  has  penetrated.  In  some  cases,  however, 
these  shales  are  absent,  and  W.  Luzi*  has  shown  that  when  **blue 
ground"  is  fused  at  a  temperature  of  about  1,770®  the  diamonds 
which  it  contains  are  perceptibly  corroded.  That  is,  the  magma  itself 
is  proved  to  be  a  solvent  of  carbon,  which  may  just  as  well  have  come 
from  below  as  from  contact  metamorphism.  In  Lewis's  papers  it  is 
pointed  out  that  in  a  number  of  other  regions  diamonds  are  asso- 
ciated more  or  less  closely  with  rocks  of  serpen tinous — that  is,  perido- 
titic— character.  T.  G.  Bonney,f  however,  has  sought  to  prove  that 
the  true  matrix  of  the  Cape  diamond  is  eclogit^,  from  which  he 
says  the  mineral  has  crystallized  as  an  original  constituent,  just  as 
zircon  crystallizes  from  granite.  The  very  intimate  association  of 
these  diamonds  with  garnet  lends  support  to  this  view.  On  the 
other  hand,  G.  F.  Williams*  states  that  he  crushed  and  examined 
20  tons  of  eclogite  at  Kimberley  and  found  no  trace  of  diamonds. 
He  also  reports  a  Kimberley  diamond  which  contained  an  inclusion 
of  apophyllite.     If  the  diagnosis  was  correct,  it  throws  doubt  upon 

1  See  E.  Cohen,  5  Jahresb.  Ver.  Erdkunde,  Mets,  1882,  p.  129. 

>  Papers  before  the  British  Association  in  18S6  and  1887.  In  foil,  edited  by  T.  O.  Boaney,  in  Papers 
and  notes  on  the  genesis  and  matrix  of  the  diamond,  London,  1897.  The  suggestion  that  the  shales  are 
the  source  of  the  carbon  is  adopted  from  E.  J.  Dunn,  Quart.  Jour.  Oeol.  Soc.,  vol.  37,  1881,  p.  609.  See 
also  L.  De  Launay,  Les  diamants  du  Cap,  Paris,  1897;  G.  F.  Williams,  The  diamond  mhies  of  Soath 
Africa,  New  York,  1905,  2  vols.;  Sir  William  Crookes,  Diamonds,  London  and  New  York,  1900;  and  P.  A. 
Wagner,  Die  diamantfiihrenden  Oesteine  Bfidafrikas,  Berlin,  1909.  Wagner  gives  a  full  bibliognHDhy 
relative  to  South  Afirican  diamonds.  An  English  edition  api>eared  in  1914.  For  bibliographic  notes  on 
diamonds  see  J.  A.  Thomson,  Econ.  Geology,  vol.  5,  1910,  p.  64.  Other  memoirs  on  the  South  Afirican 
diamonds  are  by  R.  Beck,  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  50, 1907,  p.  275;  F.  H.  Hatch,  Nature,  vol. 
77, 1908,  p.  224;  J.  F.  Johnson,  Trans.  Inst.  Min.  and  Met.,  vol.  17, 1908,  p.  277;  and  F.  W.  Volt,  Eng.  and 
Min.  Jour.,  vol.  87, 1909,  p.  789.  For  a  review  of  several  memoirs  upon  South  African  diamcmd,  see  B. 
Kaiser,  Zeitschr.  Kryst.  If  in.,  vol.  51,  p.  399,  1912.  On  the  diamond  sands  of  Southwest  AfHca  sea  tlia 
dissertation  by  G.  Scheuring,  QOttingen,  1914. 

•^Ber.  Deutsch.  chem.  QeeelL,  vol.  25, 1808,  p.  2470. 

4  Proc  Roy.  Soc.,  voL  65, 1899,  p.  223.  Bonney's  view  is  accepted  by  A.  L.  Du  Toit,  Eleventh  Ann. 
Rept.  Geol.  Commission,  Cape  of  Good  Hope,  1907,  p.  135.  G.  S.  Corstorphine  (Trans.  Geol.  Soc.  South 
Afirica,  vol.  10, 1907,  p.  G5)  shows  that  the  supposed  eclogite,  in  which  he  found  diamonds,  consists  really 
of  garnet-pyroxene  nodules  which  are  inclosed  in  the  kimberlite.  These  nodules  are  concretionary  in 
character. 

»  Trans.  Am.  Inst.  Min.  Eng.,  vol.  35,  1905,  p.  440.  Ann.  Rept.  Smithsonian  Inst.,  1905,  p.  193.  On 
an  inclusion  of  garnet  in  diamond  see  R.  J.  Sutton,  Nature,  vol.  75,  1907,  p.  488. 
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the  igneous  origin  of  the  gem,  for  apophyllite  is  a  highly  hydrous 
mineral.  D.  Draper  and  W.  H.  Goodchild/  however,  regard  eelogite 
as  the  parent  rock,  from  which  the  kimberlite  of  the  ''pipes''  was 
derived.  The  eelogite  is  supposed  to  have  contained  microscopio 
diamonds,  from  which,  by  a  process  of  secondary  enrichment  stones 
of  economic  size  were  developed  in  the  kimberlite  matrix.  Whether 
this  view  is  accepted  or  not  it  is  difficidt  to  see  how  enormous 
diamonds,  such  as  the  CuUinan,  for  example,  coidd  have  been 
formed  instantaneously.  It  woidd  seem  that  there  must  have  been 
some  process  of  growth,  even  if  it  is  as  yet  unexplainable.  Accord- 
ing to  H.  S.  Harger  ^  the  Vaal  River  diamonds  are  derived  from 
andesitic  lava,  and  H.  Merensky  *  reports  them  in  pegmatite  and 
diabase.  The  diamonds  recently  discovered  in  Arkansas,  however, 
are  associated  with  peridotitic  rock  closely  resembling  kimberlite.* 
Microscopic  diamonds  have  also  been  found  in  the  chromite  of  the 
Coleraine  district,  Canada.* 

In  Brazil  diamonds  are  associated  with  hydromica  schists  and  the 
peculiar  form  of  quartzite  known  as  itacoliunite;  and  O.  A.  Derby  • 
finds  no  evidence  of  olivine  rocks  anywhere  in  the  diamond-bearing 
region.  Similar  conclusions  have  been  reached  by  J.  C.  Branner,^ 
who  states  that  the  diamonds  are  not  only  obtained  from  gravels, 
but  also  directly  from  decomposing  quartzite.  He  also  gives  a  full 
list  of  the  associated  minerals.  Furthermore,  near  Bellary,  Madras 
Presidency,  India,  M.  Chaper  ®  foimd  the  diamond  to  be  apparently 
derived  from  a  pegmatite  consisting  of  rose-colored  orthodase  and 
epidote.  Near  Inverell,  New  South  Wales,  T.  W.  Edgeworth 
David  •  found  diamonds  in  a  matrix  of  hornblende  diabase.  In 
short,  though  much  evidence  points  to  an  igneous  origin  for  the 

>  Mining  Jour.,  vol.  113,  1916,  pp.  357,  3d5. 

•  Trans.  Qeol.  Soc.  South  Africa,  vol.  12, 1910,  p.  139.  See  also  E.  IT.  V.  Melvill,  idem,  p.  205,  on  stones 
from  the  Hoberts-Victor  mine. 

*Zeitschr.  prakt.  Geologie,  1908,  p.  155. 

«  See  G.  F.  Kunz  and  H.  S.  Washington,  Am.  Jour.  Sci.,  4th  ser.,  vol.  24, 1907,  p.  275;  and  H.  D.  Miser, 
Bull.  U.  S.  Geol.  Survey  No.  540,  1914,  p.  534. 
«  See  E.  Poitevin  and  R.  P.  D.  Graham,  Canada  Dept.  Mines,  Museum  Bull.  No.  27,  p.  13, 1918. 

•  Am.  Jour.  Sot.,  3d  ser.,  vol.  24, 1882,  p.  31;  Jour.  Geology,  vol.  6, 1898,  p.  121.  For  the  minerals  asso- 
ciated with  Brazilian  diamond  see  F.  Ilussak,  Min.  pet.  Mitt.,  vol.  18, 1S9S-99,  p.  334;  and  also  in  Zeitschr. 
ptakt.  Geologie,  1906,  p.  318.  According  to  Hussak,  the  minerals  of  the  Brazilian  diamond  sands  are  those 
derived  from  granit^es,  gneisses,  and  older  schists,  such  as  amphibolite.  An  important  earlier  paper  upon 
Brazilian  diamonds  is  by  C.  Ileiisser  and  G.  Claraz,  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  11, 1859,  p.  448. 
Two  later  papers  by  Derby,  relative  to  the  genesis  of  the  diamond,  are  in  Jour.  Geology,  vol.  19,  p.  627, 
1911;  vol.  20, 1012,  p.  451. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  31, 1911,  p.  480. 

•  Compt.  Rend.,  vol.  98, 1884,  p.  113.  More  fully,  in  Bull.  Soc.  gdol.  France,  3d  ser.,  vol.  14, 1885-86,  p. 
330.  The  description  of  this  pegmatite  suggests  a  resemblance  to  the  unakite  of  Viiginia  and  North 
Carolina. 

•  Rept.  Brit.  Assoc.  Adv.  Sci.,  1906,  p.  562.  See  also  Chem.  News,  vol.  96, 1907,  p.  1 16.  According  to  J. 
A.  Thompson  (Oeol.  Mag.,  1909,  p.  492),  the  matrix  of  the  Invcrelldiamonds  is  doleritc.  One  small  diamond 
bas  been  found  embedded  in  the  doleritc  of  Copeton,  New  South  Wales.  See  L.  A .  Cotton,  Proc.  Linn.  Soc., 
New  South  Wales,  vol.  38, 19H,  p.  803. 

113750°— 10— Bull.  69.") 21 
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diamond,  it  is  not  necessarj  to  assumo  that  the  same  magma  -has 
yidded  it  in  all  cases.^ 

GraphUe. — Carbon,  more  or  less  impure.  Rhombohedral.  Atomic 
weighty  12;  molecular  weight  probably  below  that  of  diamond. 
Specific  gravity,  2.255.  Atomic  volmne,  5.5.  Hardness,  1  to  2.  Color, 
steed  gray  to  black.  Fusibility  unknown,  probably  above  3,000^. 
Combustible  at  temperatures  between  650^  and  700^.' 

Graphite  is  easily  produced  artificially.  It  is  a  common  constituent 
of  furnace  slags,  being  derived  from  the  fuel.  On  a  commercial  scale 
it  is  made  by  heating  coke  in  the  dectric  furnace,  in  which  process, 
according  to  E.  G.  Acheson,^  a  carbide,  possibly  carborundum,  SIC, 
is  first  formed.  O.  Mulhauser  *  has  shown  that  when  carborundum  is 
strongly  heated  the  sihcon  is  vaporized,  leaving  graphitic  carbon 
behind.  These  reactions,  connected  with  Moissan's  discovery  ^  of  car- 
borundum in  the  Canyon  Diablo  meteorite,  associated  with  graphite 
and  diamond,  may  have  some  geological  significance.  The  fact  that 
graphite  is  often  found  in  meteoritos  proves  that  it  has  not  neces- 
sarily an  organic  origin,  an  assumption  which  is  sometimes  made. 

Graphite  has  also  been  prepared  by  passing  vapors  of  carbon  bisul- 
phide or  carbon  tetrachloride  over  hot  iron,  but  these  processes  seem 
to  have  little  or  no  geolo^c  significance.  Whether  such  sub- 
stances occur  in  volcanic  emanations  is  so  far  a  matter  of  pure  specu- 
lation. So  also  is  E.  Weinschenk's  suggestion  "  that  metallic  car- 
bonyls,  rising  from  great  depths,  may  yield  graphite  by  their  decom- 
position. None  of  these  compoimds  has  been  identified  in  nature, 
and  it  is  more  than  doubtful  whether  they  could  exist  at  magmatic 
temperatures.  J.  Walthw  ^  is  inclined  to  attribute  the  Ceylon  graph- 
ite to  derivation  from  'carboniferous  vapors  rising  from  the  interior 
of  the  earth,  and  it  is  possible  that  hydrocarbons  might  yield  the 
mineral.  M.  Diersche,®  studying  the  same  fi^d,  ascribes  the  forma- 
tion of  the  graphite  to  the  infiltration  of  liquid  hydrocarbons  and 
their  decomposition  by  heat. 

W.  Luzi  °  has  shown  that  amorphous  carbon  can  be  converted  into 
graphite  by  strong  heating  in  melted  potash  glass  containing  calcium 

1  An  excellent  monograph  an  Ifao  diamond,  by  £.  Boatan,  forms  a  volume  bi  Fiemy's  EnerelopMie 
cblmi<iue,  Paris,  ISSC.  It  concludes  with  a  very  ftil!  bibUography .  On  dianumds  in  Catifainia,  see  IT .  W. 
Turner,  Am.  Geologist,  vol.  23, 1S99,  p.  182.  For  a  theoretical  discusdcxi  on  the  genesis  of  the  <Bamoiid»  see 
A.  Koenig,  Zdtachr.  Eldlrochemie,  vol.  12, 1906,  p.  441. 

2  H.  Moissan,  Compt.  Rend.,  vol.  135, 1902,  p.  921.  On  the  specific  gravity  of  graphite  see  H.  Le  ChateUer 
and  S.  Wologdine,  Compt.  Rend.,  vol.  14«,  1908,  p.  49.  On  its  coefficient  of  exponsian,  A.  L.  I>ay  asid 
R.  B.  Sosman,  Jour.  Washington  Acad.  Sci.,  vol.  2, 1912,  p.  2S4.  Tbe^twtJ  papers  relate  totbedefinilciiess 
of  graphite  as  a  8x)ecies.  On  the  origin  of  graphite  see  H.  li.  Ailing,  Bull.  New  York  State  Mus.  No.  19§, 
W17,  p.  141. 

» Jour.  Franklin  Inst.,  vol.  147, 1899,  p.  475. 
<  Zeitschr.  anorg.  Chemie,  vol.  5^  1894,  p.  lU. 

•  Compt.  Rend.,  vol.  140, 1903,  p.  405. 

•  Compt.  rend.  Vm  Cong.  gfel.  Internat.,  toI.  1, 19(»,  p.  447. 

T  Zeitschr.  Deutsch.geol.  Gesell.,vol.  41, 1889,  p.  359.  For  a  full  nccounl  of  (he  Ceylon  ^Tiiphite  see  A.  K. 
Coom&ra-S  w4my,  Quart.  Jour.  Oool.  8oc.,  vol.  56, 1900,  p.  609.    This  paper  con  tains  a  valuable  blMiography. 

•  Jahrb.  K.-k.  geol.  Rdchsanstalt  Wien,  vol.  48,  1898,  p.  274. 

»  Ber.  Doutsch. chem.  Gesell.,  vol.  24, 1891,  p.  4093.    Zeitschr.  Xaturwissoiwrhaffon,  \n\.  <  1.  ist>i,  p.  224. 
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fluoride  and  water.  In  other  words,  graphite  can  occur  in'a  siUcate 
magma,  either  in  consequence  of  its  contact  with  carbonaceous  matter 
or  as  an  original  constituent  brought  up  from  below.  In  fact,  graph- 
ite often  originates  as  a  product  of  contact  metamorphism.  L. 
Jaczewski  *  regards  the  Siberian  mineral  as  having  been  formed  by- 
just  such  a  transformation  of  coaly  matter  in  eruptive  magmas;  but 
there  are  many  occurrences  of  graphite  that  can  not  be  accoimted  for 
in  this  way.  Weinschenk,^  for  example,  cites  instances  of  an  associa- 
tion of  graphite  with  the  higher  oxides  of  iron  and  manganese,  which 
amorphous  carbon  or  the  hydrocarbons  distilled  during  contact  of  a 
magma  with  coal  would  reduce  to  lower  forms.  In  these  cases  the 
metamorphosis  of  carbonaceous  shales  can  hardly  be  assumed.* 

From  what  has  been  said  it  is  evident  that  graphite  may  originate 
in  diverse  ways,  and  that  in  seme  cases  its  mode  of  formation  is 
exceedingly  obscure.  Its  commonest  occurrences  are  in  the  crystal- 
line schists,  in  which  it  often  seems  to  replace  mica.  Graphitic 
granite,  gneiss,  mica  schist,  and  quartzite  are  all  well  known,  and  the 
Laurentian  limestones  of  Canada  contain  large  quantities  of  the 
mineral.  The  graphite  of  the  adjacent  Adirondack  region  is  attrib- 
uted by  E.  S.  Bastin  *  to  the  dynamic  metamorphism  of  carbonaceous 
sediments.  T.  H.  Holland,**  however,  has  described  an  elseolite  syenite 
from  India  in  which  graphite  appears  to  be  an  original  mineral;  and 
Moissan  *  examined  a  pegmatite  of  unknown  locality  and  reached  a 
similar  conclusion.  Graphite  is  also  foimd  in  the  iron-bearing  basalts 
of  Ovif ak,  Greenland,  embedded  in  feldspar  and  associated  with 
native  iron.'  Graphite,  then,  sometimes  appears  as  a  direct  separa- 
tion from  a  magma,  under  conditions  which  preclude  the  supposition 
of  an  organic  origin,  or  interpretation  as  a  result  of  metamorphic 

action. 

NATIVE  METALS. 

Native  iron. — ^Isometric.  Atomic  weight,  55.9';  molecular  weight 
unknown.  Specific  gravity,  7.3  to  7.8,  dependent  upon  the  impuri- 
ties. Atomic  volume,  7.2.  Color,  steel  gray  to  black.  Malleable. 
Luster,  metallic.     Hardness,  4  to  5.     Magnetic. 

>  NVjes  Jahrb.,  1901,  Band  2,  rvl.,  p.  74. 

« Compt.  rend.  VIII  Cong.  g(5ol.  internal.,  vol.  1, 1900,  p.  *47. 

*  On  the  formation  of  graphite  in  certain  soils  see  W.  Heinisch,  Fitzunssb.  K.  Akcxl.  Wi;r>.  Wion,  vol.  120, 
Abth.  II  b,  1911,  p.  85. 

*  Econ.  Geology,  vol.  5,  1910,  p.  134.    On  Canadian  praphite  cee  volume  ]>y  r.  Cirkel,  published  by  the 
Dept.  of  Mines,  Mines  Branch,  Canada,  1007. 

*  Mem.  Geol.  Survey  India,  vol.  30, 1901,  p.  201. 
•Compt.  Rend.,  vol.  121, 1895,  p.  538. 

'  See  K.  J.  v.  Steenstrup,  Mineralog.  Mag.,  vol.  6, 1884,  p.  1;  and  J.  Lorfflizen,  idem,  p.  14.  Graphite 
from  inclusions  In  basalt  is  also  described  by  R.  Brauns,  Ccntralbl.  Min.,  Geol.  u.  Pal.,  1908,  p.  97.  On 
Inorgaxiic  graphite  from  Lapland,  see  O.  Stutzer,  idem,  1907,  p.  433.  In  Zeitschr.  prakt.  Geologic,  1910, 
p.  10,  Stntzel  has  a  long  article  on  graphite  deposits  and  their  origin.  See  also  A.  N.  Winchell,  Eoon. 
GeoIog>',  vol.  6, 1011,  p.  218.    On  the  graphite  of  southeastern  Penn.sylvania,  of  mdamorphic  origin,  see 

B.  L.  Miller,  Econ.  Geology,  vol.  7, 1912,  p.  702.    On  the  conversion  of  amorphous  carbon  into  grapliltesee 

C.  W.  Arsem,  Jour.  Ind.  Enr;.  Chem.,  vol.  3, 1911,  p.  700. 
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Minute  grains  of  native  iron  are  not  imcommon  in  certain  eruptive 
rocks,  especially  in  basalts.  They  were  first  identified  by  T.  Andrews  ^ 
in  the  basalt  of  Antrim,  Ireland.  More  recently  they  have  been  found 
by  G.  H.  Cook  *  in  the  trap  rocks  of  New  Jersey;  by  G.  W.  Hawes  •  in 
the  dolerite  of  Dry  River,  near  Mount  Washington,  New  Hampshire; 
by  F.  Navarro*  in  the  basalt  of  Gerona,  Spain;  and  by  F.  F.  Horn- 
stein '^  in  basalt  near  Cassel,  Germany.  In  the  New  Hampshire 
locality  they  occur  inclosed  in  grains  of  magnetite,  suggesting  a 
secondary  derivation  of  the  latter  mineral  from  the  metal.  There  are 
also  a  number  of  other  European  occurrences.*  E.  Hussak^  found 
particles  of  native  iron  in  an  auriferous  gravel  in  Brazil;  and  A. 
Daubr^e  and  S.  Meunier  •  have  described  small  masses  of  the  metal 
from  gold  washings  near  Berezovsk,  in  the  Ural.  These  masses  were 
notable  because  of  the  fact  that  they  contained  traces  of  platinum 
but  no  nickel.     Their  specific  gravity  was  7.59. 

The  most  remarkable  occurrence  of  native  iron,  however,  is  that 
discovered  by  A.  E.  Nordonskiold  •  in  1870,  at  Ovifak,  Disco  Island, 
Greenland.  Here  large  masses  of  iron,  up  to  20  tons  in  weight,  had 
been  weathered  out  like  boulders  from  the  basalt,  and  in  the  rock 
itself  lenticular  and  disklike  pieces  of  the  metal  were  still  embedded. 
At  first  the  iron  was  thought  to  be  meteoric,  but  it  has  since  been 
proved  to  be  of  terrestrial  origin.*^  In  nearly  all  respects  it  resembled 
meteoric  iron,  for  it  gave  the  Widmannstatten  figures  when  etched, 
contained  iron  chloride,  and  was  associated  with  magnetic  pyrites 
and  graphite.  Schreibersite,  the  iron  phosphide,  which  is  conmion  in 
meteorites,  is,  however,  absent  from  the  Ovifak  masses.  In  the 
sample  examined  by  Moissan  **  graphite,  amorphous  carbon,  and 
grains  of  corundum  were  found. 

This  Ovifak  iron  is  somewhat  variable  in  composition,  as  the 
numerous  analyses  of  it  show.*^  The  following  analyses  by  J.  Law- 
rence Smith  are  enough  to  indicate  its  general  character: 

»  Rept.  Brit.  Assoc.,  1S52,  pt.  2,  p.  34. 

'  Ann.  Rept.  Ceol.  Siuvey  New  Jersey,  1S74,  p.  56. 

>  Am.  Jour.  Sci.,  3d  ser.,  vol.  13, 1877,  p.  33. 

*  Geo].  Centralbl.,  vol.  7, 1905,  p.  184. 

e  Centralbl.  Min.,  Geol.  u.  Pal.,  1907,  p.  276. 

« See  for  example,  A.  Schwantke,  Centmlbl.  Min.,  Ceol.  u.  Pa!.,  1901,  p.  P5,and  M.  Scebach,  idemy  1910, 
p.  041. 

»  Bol.  Conun.  geog.  e  geol.  Sao  Paulo,  No.  7, 1S90,  p.  14. 

6  Compt.  Rend.,  vol.  113, 1891,  p.  172. 

«  Cicol  Mag.,  1872,  460,  516. 

10  There  is  abundant  literature  on  this  subject.  See  especially  K.  J.  V.  Steenstrup,  Mlneralog.  Mag., 
vol.  6, 1884,  p.  1;  J.  Lorenzcn,  idem,  p.  14;  J.  Lawrence  Smith,  Annates  chim.  phys.,  5th  ser.,  vol.  16, 1879, 
p.  452;  and  A.  Daubr^,  l&tudes  synth^tlqnos  de  gtologie exp4rimentale,  1879,  p.  555. 

»  Compt.  Rend.,  vol.  116, 1893,  p.  1269. 

i>  See  the  memoirs,  already  cited,  by  N(Kdenski51d,  Lorenzen,  and  Smith.  Also  E.  S.  Dana,  System  of 
mineralogy,  6th  ed.,  p.  28. 
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Analyses  of  tiative  iron  from  Ovifak^  Greenland. 

A.  External  oxidized  coating  of  a  large  mass.    Specific  gravity,  5. 

B.  Particles  of  iron  from  interior  of  the  mass  A.    Specific  gravity,  6.42. 

C.  Malleable  nodule  trom.  dolerite.    Specific  gravity,  7.46. 

D.  An  inegular  mass.    Specific  gravily,  6.80. 
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The  terrestrial  nature  of  this  iron  is  abundantly  proved  by  the 
observations  of  Steenstrup,  who  found  it  disseminated  throughout 
large  bodies  of  basalt  in  place.  It  is,  therefore,  a  part  of  the  rock 
itself,  but  concerning  its  origin  there  has  been  much  discussion.  Was 
it  present  in  the  original  magma  or  reduced  by  carbonaceous  matter 
on  its  way  up  from  below?  The  latter  supposition  is  admissible, 
for  Daubr^e,*  by  fusing  a  Iherzolite  with  carbon,  obtained  pellets  of 
metallic  iron,  containing  nickel  and  almost  identical  in  composition 
with  the  specimens  from  Greenland.  Furthermore,  as  Daubrfie 
observes,  beds  of  lignite  are  found  on  Disco  Island,  and  graphite  is 
closely  associated  with  the  native  iron.  The  other  alternative,  how- 
ever, is  not  excluded  from  consideration,  and  it  may  be  that  the  iron 
came  as  such  from  great  depths  below  the  surface  to  teach  us  that 
the  earth  is  essentially  a  vast  meteorite  and  that  its  interior  is  rich 
in  uncombined  metals.^  If  the  reduction  theory  held,  we  should 
expect  to  find  similar  occurrences  of  native  iron  wherever  basalts  or 
peridotite  had  penetrated  carbonaceous  strata.  The  rarity  of  the 
substance  would  seem  to  indicate  a  profounder  origin. 

In  several  localities  metallic  grains  or  nodules  which  approach 
native  nickel  in  composition  have  been  found  in  gravels.  In  mete- 
orites the  nickel  rarely  exceeds  6  or  7  per  cent,  but  in  these  terrestrial 
products  its  proportion  is  usually  much  higher.  From  the  drift  of 
Gorge  River  on  the  west  coast  of  New  Zealand  W.  Skey '  obtained 

1  Etudes  synth^Uques  de  gdologie  cxp^rimentale,  1879,  pp.  517, 574. 

»  See  also  E.  B.  de  Chancourtois,  Bull.  See.  g^l.  France,  vol.  29, 1872,  p.  210.  C.  Winkler  (Ber.  Math. 
ph78.Classe,K.s&chs.  Gesell.  Wlss.,  February  5, 1900)  suggests  that  iron  and  nickelmay  have  been  brought 
upfrom  below  as  carbonyls,  Ni(C0)4,  Fe(C0)5,  and  Fc5(C0)i — compounds  which  decompose  easily,  deiws- 
iting their  metals  in  the  free  state.    Compare  Weinschenk's  suggestion  as  to  graphite,  ante,  p.  322. 

*  Trans.  New  Zealand  Inst.,  vol.  18, 1885,  p.  401. 
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grains  of  this  character,  which  were  associated  with  magnetite^  tin- 
stone, native  platinum,  etc.  This  awaniite,  as  Skey  named  it,  is 
derived,  according  to  G.  H.  F.  Ukich,^  from  neighboring  serpentines 
or  peridotites.  The  josephinite  of  W.  H.  Melville  *  from  placer  gravels 
in  Josephine  and  Jackson  counties,  Oregon,  forms  pebbles  up  to  sev- 
eral grams  in  weight  and  also  occurs  near  large  masses  of  serpentine. 
Its  specific  gravity  is  6.204.  In  the  sands  of  the  Elvo,  near  Biella, 
Piedmont,  A.  Sella  '  found  minute  grains  of  a  similar  substance,  but 
its  geological  origin  was  not  determined.  Their  specific  gravity  was 
7.8.  Souesite  consists  of  similar  grains,  foxmd  by  G.  C.  Hoffmann  * 
in  sands  of  the  Fraser  River,  in  British  Columbia.  They  were  asso- 
ciated with  native  platinum,  iridosmine,  gold,  etc.,  and  had  a  specific 
gravity  of  8.215.  These  grains  are  doubtless  derived  from  perido- 
tite.  Still  more  recently  a  similar  nickel  iron  from  the  south  fork  of 
Smith  River,  Ddi  Norte  County,  California,  has  been  described  by 
G.  S.  Jamicson,'  who  has  also  reexamined  the  mineral  from  Oregon. 
The  analyses  are  as  follows: 

Analyses  of  nickel  iron. 

A.  Awoniitc,  Skcy.    B.  Josephinite,   Melville.    C.  Josophinlte,  Jamieson.    D.  Pel   Norte  Cotintf, 
Jamioson.    K.  Soucsito,  HofTmann.    P.  Piedmont.    .Vnalyzcd  for  Sella  by  MatUrolo. 
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>  Quart.  Jour.  Gcol.  Soc.,  vol.  46, 1800,  p.  C19. 
s  Bull.  U.  S.  GeoL  Survey  No.  113, 1893,  p.  54. 

*  Compt.  Rend.,  voL  112, 1891,  p.  171. 

*  Am.  Joiu".  ScL,  4th  scr.,  voL  19, 1906,  p.  319. 

s  Idem,  p.  413.  Jamieson  urges  that  the  original  name  awarulte  ^ould  be  used  for  all  those  Irons. 
Awamite  is  also  reported  (com  the  YokMl  by  R.  A.  A.  Johnston,  Summary  Rept.  OeoU  Sorvay  Canada, 
1910- 11,  p.  256. 
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The  silicate  in  Melville's  analysis  was  mainly  serpentine,  with  what 
appeared  to  be  an  impure  bronzite.  The  probable  derivation  of  the 
nodules  from  peridotite  is  thus  materially  emphasized.  With  these 
substances  two  meteorites  only,  or  supposed  meteoritesi  can  be  com- 
pared. That  found  in  an  Indian  mound  in  Oktibbeha  County,  Mis- 
sissippi, contained  59.69  per  cent  Ni  and  37.97  per  cent  Fe;  and  that 
from  Santa  Catarina,  Brazil,  carried  63.69  Fe  with  33.97  Ni.  These 
masses,  however,  are  only  presumably,  not  certainly,  meteoric. 

Occasionally  native  iron  is  found  of  secondary  origin  produced  by 
the  obvious  reduction  of  iron  compounds.  On  North  Saskatchewan 
River,  70  miles  from  Edmonston,  beds  of  lignite  have  burned,  reduc- 
ing the  neighboring  clay  ironstone  to  metallic  iron.  According  to 
J.  B.  Tyrrell,*  masses  of  iron  which  weigh  from  15  to  20  poimds  can 
be  picked  up  in  this  locality.  G.  C.  Hoffmann  *  has  described  spher- 
ules of  iron  in  limonite,  found  in  fissures  in  quartzite  on  St.  Josephs 
Island,  Lake  Huron;  and  again  from  a  pegmatite  of  Cameron 
Township,  Ontario.'  The  exact  origin  of  these  Canadian  irons  is 
not  clear.  Finally,  E.  T.  Allen  *  has  analyzed  soft,  malleable  iron 
from  borings  at  three  points  in  Missom-i,  where  it  occurred  in  sedi* 
mentary  rocks  not  far  from  beds  of  coal.  The  following  analyses 
of  these  products  will  serve  to  show  the  great  difference  between  them 
and  the  supposedly  magma  tic  irons  described  in  the  preceding  pages: 

Analyses  of  native  iron  of  secondary  origin. 

A.  From  St.  Josephs  Island,  HofTmonn.    Specific  gravity,  6.8612. 

B.  From  Cameron  Township,  Ontario.    Analysis  by  Johnston  fw  Hoffmann.    Specific  gravity,  7J257. 

C.  From  Cameron,  Missouri,  Alloa. 

D.  From  Weaubleau,  Missouri,  Allen. 

E.  From  Holden,  Missouri,  Allen. 
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»  Am.  Jour.  Sci.,  3d  sor.,  vol.  33,  1887,  p.  73. 

a  Trans.  Roy.  Soc.  Canada,  vol.  8,  pt.  3, 1890,  p.  39. 

» .\mi.  Rept.  Cool.  Survey  Canada,  vol.  6, 1895,  p.  23  II. 

*  Am.  Jour.  Sci.,  4th  ser.,  vol.  4, 1897,  p.  99.  Other  occurrences  of  naturally  reduced  iron  are  reported  by 
A.  A.  Inostranzeff,  Geol.  Zentralbl.,  1908,  p.  611,  from  Russian  Island,  near  Vladivostok,  and  by  K.Pfiwos- 
nlk,  Oosterr.  Zeitschr.  Berg-  u.  HUttenw.,  vol.  58,  1910,  p.  327,  from  Shotley  Brid{^,  England.  On  iron 
fonned  under  peat  by  the  reduction  of  bog  iron  ore  see  A.  K .  Kupfler,  Chem.  Z^itralbk,  1913,  p.  55. 
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Not  only  iron  but  other  native  metals  may  occur  as  primary  con- 
stituents of  igneous  rocks.  Platinum,  with  its  companions,  osmium, 
iridium,  rhodium,  ruthenium,  and  palladium,  are  associated  with 
chromite  and  olivine  in  peridotites.*  W.  Moricke  *  has  found  pri- 
mary gold  in  a  pitchstone  from  Guanaco,  Chile,  and  G.  P.  Merrill  • 
has  described  a  granite  from  Sonora  in  which  it  also  appears.  Still 
other  examples  are  cited  by  R.  Beck/  The  metallic  constituents  of 
magmas,  however,  have  received  very  little  attention  so  far,  and  their 
number  may  be  greater  than  it  is  now  supposed  to  be. 

SULPHIDES. 

Pyriie. — Isometric.  Composition,  FeSj.  Molecular  weight,  120. 
Specific  gravity,  4.95  to  6.10.  Molecular  volume,  24.  Color,  brass- 
yellow;  luster,  metallic.    Hardness,  6  to  6.5. 

Pyrrhotite, — Hexagonal  and  orthorhombic.  Two  modifications  are 
known.  Composition  uncertain,  varying  from  FcySg  to  FenSu. 
Specific  gravity,  4.6.  Color,  bronze-yellow  to  copper-red f  luster, 
metallic.  Magnetic.  Hardness,  3.5  to  4.5.  Whether  troilite,  FeS, 
which  is  a  common  mineral  in  meteorites,  is  identical  with  pyrrhotite 
or  not  is  a  disputed  question.' 

Both  pyrito  and  pyrrhotite  are  common  though  minor  aoceesory 
constituents  of  igneous  rocks.  Pyrite  is  found  under  a  great  variety 
of  associations,  but  pyrrhotite  is  more  characteristic  of  the  ferromag- 
nesian  varieties,  such  as  gabbro,  diabase,  diorite,  and  basalt. 

Pyrrhotite  has  been  observed  as  a  furnace  product,  and  both  species 
can  be  made  artificially  by  various  processes.  Those  which  explain 
the  formation  of  sulphides  in  sedimentary  rocks  will  be  considered 
in  another  connection,  but  the  following  experimental  data  bear  upon 
their  occurrence  in  igneous  formations. 

J.  Durocher,'  by  mingUng  the  vapor  of  iron  chloride  with  hydrogen 
sulphide  in  a  porcelain  tube  heated  to  redness,  obtained  small  crystals 
of  pyrite.  By  heating  magnetite  to  whiteness  in  hydrogen  sidphide, 
T.  Sidot  ^  produced  crystals  which  appeared  to  be  identical  with 
troiUte.  Troihte  was  also  formed  by  R.  Lorenz,®  who  heated  iron 
to  redness  in  a  stream  of  HjS.     C.  Doclter,®  on  the  other  hand,  by 

the  same  reaction,  and  also  with  amorphous  ferric  oxide  or  hematite 

_ —  ■ 

>  See  J.  F.  Komp,  Bull.  U.  S.  Oeol.  Survey  No.  193, 1902,  for  a  complete  summary  of  our  knowledge  con- 
cerning native  platinum,  with  many  bibliographic  references. 

s  Min.  pet.  Mitt.,  vol.  12, 1891,  p.  195. 

s  Am.  Jour.  Sci.,  4th  ser.,  vol.  1, 1896,  p.  309. 

*  Lehre  von  den  Erzlagerst&tten,  2d  ed.,  1903.  See  also  W.  II.  Weed,  Knp.  ajid  Min.  Jour.,  vol.  77, 1904, 
p.  440,  and  R.  W.  Brock,  idem,  p.  511. 

Idee  S.  Meonier,  Annaleschim.  phys.,  4th  ser.,  vol.  17,  1S69,  p.  36,  and  C.  Linck,  Ber.  Deutscb.cbim. 
CJesell.,  vol.  32, 1899,  p.  895. 

« Compt.  Rend.,  vol.  32, 1851,  p.  823.  For  an  earlier  sjTilhesis  of  pyrite  see  F.  W'cblcr  Liebig's Annalen, 
vol.  17,  p.  260, 1836. 

» Idem,  vol.  66, 1868,  p.  1257. 

*  Ber.  Deutsch.  chem.  Gesell.,  vol.  24, 1891,  p.  1504. 

>  Zeitscbr.  Kryst.  Min.,  vol.  11, 1886,  p.  30. 
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instead  of  metallic  iron,  obtained  pyrite.  When  ferrous  carbonate 
or  sulphate  was  used,  troilite  was  formed.  All  of  these  methods  are 
general.  With  other  metals  or  their  salts  other  crystallized  sulphides,- 
identical  with  natural  minerals,  can  be  produced.  In  brief,  gases  or 
vapors  which  exist  in  volcanic  exhalations  can  so  react  upon  one 
another  as  to  develop  crystalline  sulphides.  The  latter  appear  in  or 
upon  the  solidified  rocks,  but  preferably  in  rocks  which  have  cooled 
imder  pressure.  By  pressure  the  reacting  vapors  are  confined  within 
the  magma,  and  can  not  readily  escape. 

MetalUc  sulphides,  fairly  crystallized,  can  also  be  formed  in  the  wet 
way,  when  appropriate  mixtures  are  heated  together  in  sealed  tubes. 
IL  de  Senarmont  ^  heated  various  metallic  solutions  with  hydrogen 
sulphide  or  alkaUne  sulphides  in  this  manner  with  great  success,  and 
when  iron  salts  were  taken  pyrite  was  formed.  C.  Geitner  *  also  ob- 
tained pyrite  by  heating  powdered  basalt  with  water  and  sulphurous 
acid  to  200®.  Doelter  ^  prepared  pyrite  by  heating  hematite,  mag- 
netite, or  siderite  with  hydrogen  sulphide  and  water  for  72  hours  to 
80®  or  90®..  When  the  same  investigator*  heated  ferrous  chloride 
with  sodium  carbonate,  water,  and  hydrogen  sulphide  for  16  days  to 
200®  he  obtained  pyrrhotite,  provided  that  air  was  excluded  from  his 
tubes.     In  presence  of  air  pyrite  was  formed. 

According  to  W.  Feld,^  when  iron  salts  are  precipitated  by  an 
alkaline  polysulphide,  ferrous  sulphide  and  sulphur  are  thrown  down. 
If  the  solution  is  then  neutralized,  or  made  very  feebly  acid,  and 
boiled,  the  precipitate  is  rapidly  transformed  into  the  bisulphide. 
Alkaline  substances  retard  or  hinder  the  transformation,  reducing 
agents  hasten  it.  In  all  formations  of  pyrite  by  the  wet  way  the 
monosulphide  seems  to  be  first  produced.  In  a  still  more  elaborate 
investigation  E.  T.  Allen,  J.  Johnston,  J.  L.  Crenshaw,  and  E.  S. 
Larsen  •  report  that  pyrrhotite  is  formed  by  the  direct  imion  of  iron 
and  sulphur  and  also  by  the  dissociation  of  pyrite  in  an  atmosphere 
of  HjS  at  a  temperature  of  550°.  At  675®,  the  reverse  change  takes 
place,  and  pyrite  is  again  formed.  Pyrrhotite  exists  in  two  modifica- 
tions, hexagonal  below  138®,  orthorhombic  above  that  transition 
temperature.  The  variation  of  pyrrhotite  from  troilite  is  ascribed  to 
the  presence  of  sulphur  in  ''solid  solution"  in  the  monosulphide.' 
In  meteorites  the  excess  of  metallic  iron  renders  the  formation  of  pure 
troilite  possible. 

^  Compt.  Rend.,  vol.  32, 1851,  p.  409. 

'  Ann.  Cbem.  Phann.,  vol.  129, 1864,  p.  350. 

» Zeitscbr.  Kryst.  Min.,  vol.  11, 1886,  p.  30. 

*  Min.  pet.  Mitt.,  vol.  7, 1885-86,  p.  535. 

«  Zeitschr.  angew.  Chemle,  vol.  24, 1911,  p.  97. 

•  Yearbook  Carnegie  Inst.  Washington,  1910,  p.  104;  Am.  Jour.  Sci.,  4th  scr.,  vol.  33,  p.  169, 1912.  Many 
references  to  literatore  are  given.  See  also  Allen,  Jour.  Washington  Acad.  £ci.,  vol.  1,  p.  170, 1911;  and 
AUea  and  Crenshaw,  Am.  Jour.  Sci.,  4th  ser.,  vol.  38,  p.  393, 1914.  On  the  dissociation  pressures  of  pyrite 
and  oovellite.    See  E.  T.  Allen  and  R.  H.  Lombard,  Am.  Jour.  Sci.,  4th  ser.,  vol.  <i,  WVI^^AIVj 

»  The  variation  may  possibly  be  duo  rather  to  admixtuies  ot  a  M^iYvw  suVpWi^^  o\VK«i%'!f< 
compounds  which  are  not  UefmiteJy  known  but  are  theoretlcaWy  lalionnX. 
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Pyrito  was  produced  by  Allen  and  his  colleagues  not  only  from 
pyrrhotite,  but  also  by  the  action  of  hydrogen  sulphide  upon  solutions 
of  iron.  From  acid  solutions,  at  100^,  under  pressure,  its  relatively 
unstable  isomer,  marcasitCi  was  formed.  Warmer  alkaline  solutions 
yielded  pyrite.  At  450^  marcasite  is  transformed  into  pyrite, 
and  therefore  it  can  not  occur  as  a  magmatic  mineral.  Marcasite 
is  only  found  in  sedimentary  formations  and  metalliferous  veins. 
Fossil  shells  consisting  entirely  of  marcasite  are  well  known,  and  inter- 
mediate mixtures  of  pyrite  and  marcasite  are  common.  The  two 
species  probably  differ  in  molecular  arrangement,  but  the  evidence 
upon  this  point  is  far  from  conclusive.  Various  structural  formuUe 
have  been  proposed  for  them,  but  none  has  been  definitely  estab- 
lished.* 

Pyrrhotite  and  marcasite  both  alter  into  pyrite  and  all  three  species 
alter  into  limonite,  goethite,  hematite,  and  sulphates  of  iron.  Perfect 
pseudomorphs  of  limonite  after  pyrite  are  common.' 

Another  modification  of  FeS^  black  and  amorphous,  has  been  de- 
scribed by  B.  Doss,*  who  names  it  melnikovite. 

Each  of  these  synthetic  processes  finds  some  equivalent  in  nature. 
Dry  gases,  wet  gases,  and  alkaline  solutions  charged  with  hydrogen 
sulphide  can  assist  in  producing  the  minerals  which  are  now  under 
consideration,  with  other  rarer  species  of  the  same  class.  The  mag- 
mas contain  the  reagents,  and  the  reactions,  or  reactions  like  those 
just  described,  naturally  follow.  In  most  cases  the  sidphides  appear 
as  secondary  minerals,  but  they  are  sometimes  primary.  J.  H.  L. 
Vogt  ^  has  shown  that  sulphides  are  actually  soluble  in  silicate  mag- 
mas, especially  at  the  higher  temperatures,  and  that  they  are  among 
the  carhcst  minerals  to  crystallize.  Certain  of  the  pyrrhotite  deposits 
of  Norway  ho  regards  as  the  direct  products  of  magmatic  segregation. 

Several  other  sulphides  occasionally  appear  as  primary  minerals 
in  igneous  rocks.  Molybdenite,  MoSj,  is  common  in  granites,  and 
J.  F.  Kemp/  in  a  pegmatite  dike  in  British  Columbia,  found  masses 

>  See  £.  Weinschenk,  Zeitschr.  Kryst.  MIn.,  vol.  17, 1800,  p.  501;  A.  P.  Brown,  Proo.  Am.  Philos.  Soc,  tqI. 
83, 18^1,  p.  225;  and  II.  N.  Stokes,  Bull.  U.  S.  GeoL  Suney  Ko.  186, 1901.  Stokes  describes  many  elabofate 
experiments  upon  the  relative  solubility  of  pyrite  and  marcasite  in  chemical  reagents.  See  also  O.  W. 
Ptnmmer,  Thesis,  Univ.  Pennsylvania,  1010,  and  W.  H.  Goodchild,  Mining  Mag.,  vol.  16, 1017,  p.  2St. 

s  For  a  full  discussion  of  the  alterations  of  pyrite  see  A.  A.  Julien,  Annals  New  York  Acad.  Sci.,  vol.  3, 
1886,  p.  365;  vol.  4, 1887,  p.  125.  A  paper  on  the  origin  of  pyrite,  by  A.  R.  Whitman,  is  in  Econ.  Geology, 
vol.  8, 1913,  p.  455. 

•  Neucs  Jahrb.,  Bell.  Band  33, 1912,  p.  662. 

*  Die  Silikatsc'imclzlosungeo,  pt.  1, 1903,  p.  06.  Sec  also  2^tschr.  prakt.  Geologie,  1898,  p.  45;  and  Trans. 
Am.  Inst.  Min.  Kng.,  1901,  p.  131.  For  sulphides  in  slags,  see  J.  II.  L.  Vogt,  Mineralbildunj;  in  Sclunelz- 
masscn,  Christiania,  1892.  See  also  J.  E.  Spurr,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  33, 1903,  p.  306,  on  Alaskan 
pyrrhotite.  A  remarkable  pcrldotite  at  East  Union,  Maine,  containing  21.5  per  cent  of  psrrrfaotite,  is 
described  by  E.  S.  Bastln  in  Jour.  Geology,  vol.  16, 1908,  p.  124. 

B  Trans.  Am.  Inst.  Min.  Eng.,  voL  31, 1901,  p.  182.  See  also  W.  H.  Emmons,  Bull.  U.  S.  GeoL  Surrey 
No.  432, 1910,  p.  42,  on  molybdenite  in  the  granites  of  Maine.  K.  Brauns  (CentralbL  Min.,  GeoL  u.  Pal., 
1008,  p.  S7)  found  molybdemte  in  inclusions  in  basalt.  O.  Stutzcr  (Zeitschr.  j>rakt.  Geologie,  1907,  p.  371) 
has  described  magmatic  bomite  from  8outh  Africa.  Chaloopyrlte  and  bomite  as  primary  minerals  in  a 
monzonitic  dike  near  Apex,  Colorado,  have  been  reported  by  E.  S.  Bastin  and  J.  M.  Hill.  Econ.  Geology, 
vol.  0,  p.  468, 191 L    See  also  E.  Howc^  Eoon.  Geology,  voL  10, 1915,  p.  206. 
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of  bomite,  which  appeared  to  be  an  original  constituent  of  the  rock. 

In  the  augite  syenite  of  Stoko,  near  Brevik,  Norway,  the  arsenide, 

loUingite,  FeAsj,  appears  to  have  crystallized  before  the  feldspar. 

The  pegmatites  of  that  region,  as  described  by  W.  C.  Brogger,  also 

contain  molybdenite,  zinc  blende,  pyrite,  galena,  and  chalcopyrite.* 

Some  of  these  occurrences,  and  many  occurrences  of  pyrite  also,  are 

doubtless  secondary. 

FliUORIDES. 

Fluorite. — ^Isometric.  Composition,  CaF,.  Molecular  weight,  78.1. 
Specific  gravity,  3.18.  Molecular  volume,  24.5.  Hardness,  4.  Color- 
less, yellow,  red,  blue,  green,  purple,  violet,  etc. 

Fluorite,  although  most  abundant  as  a  vein  mineral  and  in  sedi* 
mentary  formations,  is  also  found  as  a  minor  accessory  in  granite, 
gneiss,  quartz  porphyry,  syenite,  elsBolite  syenite,  and  the  crystalline 
schists.  W.  C.  Brogger  ^  reports  it,  both  as  an  early  separation  in 
the  augite  syenites  of  Norway  and  also  as  a  contact  mineral.  It 
sometimes  appears  on  volcanic  lavas  as  a  subUmation  product,  or  as 
the  result  of  the  action  of  fluoriferous  gases  upon  other  minerals.®  It 
is  also  produced  as  a  secondary  mineral  from  the  decomposition  of 
various  fluosihcatcs.  It  alters  into  calcite,  being  attacked  by  perco- 
lating waters  containing  calcium  bicarbonate  or  alkahne  carbonates. 
Crystallized  calcium  fluoride  has  been  prepared  by  several  processes, 
but  they  shed  little  light  upon  its  presence  in  igneous  rocks.* 

Several  other  fluorides  are  foimd  associated  with  granites  or  peg- 
matites, such  as  tysonite,  fluocerite,  yttrocerite,  etc.  More  important 
by  far  is  the  mineral  cryolite,  which  forms  a  large  bed  in  Greenland. 
According  to  F.  Johnstrup,^  it  is  a  concretionary  secretion  in  eruptive 
granite.  A  more  recent  writer,  R.  Baldauf,"  regards  the  cryolite  as 
having  been  formed  by  the  action  of  fluoriferous  gases  upon  the 
original  granitic  magma.  CryoUte  is  also  foimd  sparingly  at  Miask, 
in  the  Urals,  and  in  the  granites  of  Pikes  Peak,  Colorado/  It  is  a 
double  fluoride  of  aluminum  and  sodium,  NajAlF,,.  Fluorine  com- 
pounds, it  must  be  observed,  are  rarely  found  in  eruptive  rocks. 

*  See  Zeitsdir.  Kryst.  Min.,  vol.  16,  pt.  2,  1890,  pp.  5-11.  For  very  complete  analyses  of  Norw^ian 
pyrito  Bee  E.  Boettker,  Rev.  g^n.  cliim.  pure  ct  app.,  voL  9,  p.  323.  On  magmas  and  sulphide  ores  see  A.  P. 
Coleman,  Econ.  Geology,  vol.  12, 1917,  p.  427.  Also  C.  F.  Tolman  and  A.  F.  Rogers,  Magmatic  sulphide 
ores:  Leland  Stanfwd  Jr.  Univ.,  University  series,  1916. 

*  Zeitschr.  Kryst.  Min.,  vol.  16,  pt.  2, 1890,  p.  56. 

*  Idem,  vcrf.  7, 1883,  p.  630.  Abstract  of  memoir  by  A.  Scacclii.  For  a  study  of  the -gases  occluded  by 
fluorite  see  H.  W.  Morse,  Proc.  Am.  Acad.,  vol.  41, 1906,  p.  587.  According  to  H.  Becquercl  and  H.  Moissan 
(Bull.  Soc,  chim.,  3d  ser.,  vol.  5,  1S91,  p.  154)  free  fluorine  is  sometimes  present.  W.  J.  Humphreys 
(Astroptiys.  Jour.,  vol.  20,  1904,  p.  26G)  found  spectroscopic  traces  of  yttrium  and  ytterbium  in  many 
fluorspars.  G.  Urbain  (Compt.  Rend.,  vol.  143, 1906,  p.  826)  also  found  terbium,  gadolinium,  dysprosium, 
and  samarium. 

*  See  the  works  by  Brauns,  Bourgeois,  and  Fouqu^  and  L^vy  cited  elsewhere  in  this  chapter. 

»  Qtod  by  F.  Zirkel,  Lelirbuch  der  Petrographie,  vol.  3,  p.  444.  The  original  memoir  by  Johnstrup  ia 
not  within  my  reach. 

*  Zeitschr.  prakt.  Oeologie,  1910,  p.  432.  Baldauf  gives  a  good  description  of  the  rarer  minerals  associated 
with  the  cryolite.    See  also  O.  B.  Boggild,  Zeitschr.  Kryst.  Min.,  vol.  51, 1913,  pp.  591,  614. 

'W.  Cross  and  W.  F.  llillebrand.  Bull.  U.  S.  Geol.  Survey  No.  20. 
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They  are  especially  characteristic  of  the  deep-seated  or  plutonic 
rocks,  where  the  gaseous  exhalations  have  been  retained  under  pres- 
sure, and  are  commonly  regarded  as  of  pneumatolytic  origin. 

CORUNDUM. 

Rhombohedral.  Composition,  aluminum  oxide,  AljOj.  Specific 
gravity,  3.95  to  4.10;  of  the  piu^st  material,  4.0;  molecular  weight,* 
102;  molecular  volmne,  25.5.  Colorless  when  pure,  but  ordinarily 
colored  yellow,  gray,  green,  red,  or  blue  by  traces  of  impurity. 
Emery  is  a  mixture  of  corundum  with  magnetite  or  hematite,  and 
sometimes  spinel.'  Fusible  at  2,050°  C,  according  to  C.  W.Kanolt.* 
Hardness,  9,  thus  ranking  among  natural  minerals  next  to  diamond. 

Crystallized  almnina,  artificial  corimdum,  has  been  produced  by 
various  methods.  These  are  well  smnmarized  in  the  works  of  Bour- 
geois and  Fouqu6  and  L^vy,  and  in  the  memoir  by  J.  Morozewicz.* 
They  may  be  briefly  grouped  as  follows:  First,  by  direct  fusion  of 
amorphous  alumina.  Second,  by  the  crystallization  of  alumina  from 
solution  in  various  molten  fluxes,  such  as  potassium  bichromate, 
sodium  molybdate,  borax,  lead  oxide,  etc.  Most  of  these  processes 
find  no  equivalent  in  nature.  Third,  by  the  decomposition  of  alum- 
inum chloride  or  fluoride  by  water  at  high  temperatures — ^methods 
which  may  shed  some  light  upon  the  formation  of  corundum  as  a 
contact  mineral,  or  as  a  constituent  of  metamorphic  rocks.  In  some 
of  these  reactions  boric  acid  plays  a  part.  Fourth,  by  the  decomposi- 
tion of  other  minerals,  such  as  muscovite.  Finally,  by  crystallization 
of  artificial  magmas. 

It  is  not  necessary  for  our  purposes  to  examine  these  processes  in 
detail.  It  is  enough  to  select  from  among  them  those  which  seem  to 
be  the  most  significant.  P.  Hautef euille  and  A.  Perrey,*  for  example, 
dissolved  alumina  in  melted  nepheline,  and  found  that  upon  cooling 
the  greater  part  of  it  crystalUzed  out  as  corundimi.  The  association 
of  conmdum  with  certain  nepheline  syenites  can  be  rationally  studied 
in  the  light  of  this  observation.  With  leucite  a  similar  result  was 
obtained;  but  an  artificial  potassimn  nepheline  gave  no  similar  reac- 
tion. A.  Bnin '  prepared  corundum,  together  with  anorthite,  by 
heating  a  mixture  of  40  parts  silica,  37  lime,  and  120  alumina  to 
whiteness  for  three  hours.     Fusion  of  the  mixture,  however,  gave 

1  The  ordinary  rounded-ofi  atomic  weights  may  be  used  for  computations  of  molecular  weights  and 
volumes. 

'  On  emery  see  G.  S.  Rogers,  Annals  New  York  Acad.  Sci.,  vol.  21, 1911,  p.  11. 

» Jour.  Washington  Acad.  Sci.,  vol.  3, 1913,  p.  315.  Other  determinations  of  the  melting  point  are:  Hem- 
pel,  1,880*;  Moissan,  2,250*;  and  Ruff,  2,010*. 

*  Fouqud  and  I^vy,  Synth^e  des  min«^raux  et  des  roches,  Paris,  1882.  L.  Bourgeois,  Reproduction  arti- 
flcieJle  des  min^raux,  in  Frcmy's  Encyclop<?die  chimique,  vol.  2,  1st  appendix.  Morozewlcz,  Min.  pet. 
Mitt.,  vol.  18, 1898,  p.  23. 

»-  Bull.  8oc.  min.,  vol.  13, 1890^.  147. 

•  Arch.  sci.  phys.  nat.,  3d  ser.,  vol.  25, 1S91,  p.  239. 
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tim  cmly  glass.  When  the  alumina  was  reduced  to  23  parts,  zoisite 
was  formed.  W.  Bnihns  *  obtained  corundum  in  the  wet  way  by 
heating  alumina  for  10  hours  to  300°  in  a  platinum  tube  with  water 
containing  a  trace  of  ammonium  fluoride;  but  at  250°  no  crystalliza- 
tion took  place.  By  similar  reactions  hematite,  quartz,  tridymite, 
and  ilmenite  were  prepared.  These  experiments  strengthen  the  sup- 
position that  the  fluorine  compounds  contained  in  volcanic  exhala- 
tions may  assist  the  natural  formation  of  the  minerals  named.  P. 
Hautefeuille's  synthesis  of  corundum  ^  by  the  action  of  moist  hydro- 
fluoric acid  upon  alumina  at  a  red  heat  is  another  illustration  of  the 
same  principle.  It  is  typical  of  a  considerable  number  of  mineral 
syntheses.  That  the  fluorides  are  not  essential  to  the  formation  of 
corundum,  however,  is  shown  by  the  experiments  of  G.  Friedel.' 
When  amorphous  alumina  is  heated  to  450-500°  with  a  solution  of 
soda,  corundum  and  diaspore,  HAlOj,  are  both  produced.  At  530- 
535°  corundum  alone  formed,  and  at  400°  only  diaspore.  If  the 
alumina  contained  a  little  silica,  crystals  of  quartz  appeared.  By  a 
similar  reaction  between  ferric  hydroxide  and  soda  solution,  Friedel 
obtained  crystals  of  hematite.  E.  S.  Shepherd  and  G.  A.  Rankin  * 
converted  precipitated  alumina  into  crystalline  corundum  by  simple 
heating  at  about  200°. 

From  a  geological  standpoint  some  very  important  experiments 
upon  the  genesis  of  corundum  are  those  of  Morozewicz,*  who  studied 
the  conditions  of  its  deposition  from  a  cooling  magma.  He  worked 
with  artificial  magmas  upon  a  rather  large  scale,  using  the  furnaces 
of  a  glass  factory  in  preparing  his  melts;  and  he  found  that  when- 
ever the  alumina,  in  comparison  with  the  other  bases,  exceeded  a  cer- 
tain ratio,  the  excess,  upon  cooling  the  fused  mass,  crystallized  out 
completely  either  as  corundum,  as  spinel,  as  silUmanite,  or  as  iolite.* 
The  qualifying  conditions  are  as  follows: 

An  alumosiUcate  magma  in  which  the  molecular  ratio  of  the 
bases  CaO,  KjO,  NajO  is  to  AI2O3  as  1 : 1  is  said  to  be  saturated  with 
respect  to  alumina.  If  more  alumina  is  present,  the  magma  is  super- 
saturated, and  the  excess  will  be  deposited  as  one  or  another  of  the 
above-named  minerals.  If  we  write  the  general  formula  for  the 
magma  of  RO.mAljOa.nSiOj  the  following  rules  are  found  to  apply: 
First,  if  magnesia  and  iron  are  absent,  and  the  value  of  n  lies  between 
2  and  6,  the  excess  of  alumina  will  crystallize  wholly  as  corundum ; 
but  if  w  is  greater  than  6,  sillimanite,  or  sillimanite  and  corundum, 
will  form.  With  magnesia  or  iron  present  in  an  amount  above  0.5 
per  cent,  and  with  n  <  6,  spinel  is  produced,  or  spinel  and  corundum 

»  Nenes  Jahrb.,  1S80,  Band  2,  p.  62. 

*  Anoales  chim.  phys.,  4th  scr.,  vol.  4, 18(>5,  p.  153. 
>  Bull.  Soc.  min.,  vol.  14, 1891,  p.  8. 

<  Am.  Jour.  Sci.,  4th  ser.,  vol.  28, 1909,  p.  321. 

*  Min.  pet.  Mitt.,  vol.  18, 1S98,  pp.  22-S3.    Also  Zeitschr.  Kryst.  Mln.,  vol.  24,  WaS^-vv.l^V, 

*  Cordierite.    The  name  JoUte  has  priority  and  is  given  preference b^  Dtsjvau 
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together.  With  n>6,  the  magnesia  and  the  excess  of  alumina  will 
go  to  form  iolite,  or  iolite  and  spindi*  In  each  case  the  idumina  in 
excess  of  the  ratio  KO  :  A1,0,  : :  1  : 1  is  completely  taken  up  in  the 
formation  of  the  several  species  named.  The  balance  of  the  alununa — 
the  normal  alumina,  so  to  speak — ^wiU  obviously  appear  in  other  min- 
erals, such  as  anorthite,  nepheline,  alkali  feldspars,  etc.,  whose  nature 
will  depend  upon  the  bases  which  happen  to  be  associated  with  it,  and 
also  upon  the  proportion  of  siUca. 

Previous  to  the  appearance  of  Morozewicz's  memoir  it  was  com- 
monly supposed,  but  without  good  reason,  that  corundum  was  not  a 
true  pyrogenic  mineral.  It  was  best  known  as  occurring  with  meta- 
morpUc  rocks,  and  especially  in  limestones;  and  it  had  been  observed 
as  a  product  of  contact  action,  although  rarely.^  When  corundum 
was  found  in  igneous  rocks  it  was  regarded  as  derived  from  acci- 
dental inclusions,  and  not  as  a  primary  separation  from  the  magma. 
The  work  of  Morozewicz  modified  these  beliefs  and  shed  new  light 
upon  the  problems  of  petrology.  The  common  association  of  corun- 
dum with  spinel,  iolite,  sillimanite,  andalusite,  and  kyanite  at  once 
became  significant,  and  in  accordance  with  the  rules  developed  by 
Morozewicz. 

Pyrogenic  corundum,  according  to  A.  Lagorio,'  is  found  in  alumo- 
silicate  rocks  only  when  the  latter  contain  over  30  per  cent  alumina, 
and  such  rocks  are  rare.  Lagorio  cites  analyses  of  several  examples, 
and  Morozewicz  '  himself  describes  others.  Kyschtymite  is  an  anor- 
thite rock  containing  up  to  59.5  per  cent  of  corundum;  a  corundmn 
syenite  with  18.5  per  cent  consists  largely  of  orthoclase  and  albite, 
and  a  corundum  pegmatite  with  35.4  per  cent  has  similar  composi- 
tion. All  these  rocks  are  from  the  Ural  Mountains.  A  corundum 
anorthosite  analogous  to  kyschtymite  has  been  described  by  W.  G. 
Miller*  from  Canada;  and  corundum-bearing  nepheline  syenites, 
according  to  A.  P.  Coleman,*  are  also  found  in  the  same  region.  In 
the  Coimbatore  district,  Madras  Presidency,  India,  T.  H.  Holland  • 

1 K.  Busz  (Oeol.  Bfag.,  1896,  p.  492)  (oiind  oorandmn  in  oontaets  between  grouito  aod  clay  sfaite  on  Dwi- 
moor  in  Dcvonsbire.  A.  K.  Coomilra-Swiiny  (Quart.  Jour.  Ocol.  Soc.,  voL  57, 1901,  p.  1S5)  observed  it  at 
contacts  between  granlto  and  micaceous  quartate  near  Morlaix,  France.  The  corundum  was  there  asso- 
datod  ^v1th  sillimanite,  andalusite,8piiie],ete.  On  an  occurrence  of  corundum  in  basaltsee  E.  SchOcmann, 
Sitcuossb.  nalurhist.  Ver.  preuss.  Rheinlande  u.  Westfalens,  1911,  pt.  2,  p.  63  A. 

t  Zeitscbr.  Kryst.  Min.,  vol.  24, 1895,  p.  2S5.  This  memoir  contains  abundant  literature  references  ui>an 
the  occurrence  of  conindum  in  igneous  rocks. 

*  Min.  pet.  Hitt.,  vol.  IS,  1899,  pp.  212, 219.  For  present  purposes  the  minor  accessory  minerals  in  these 
rocks  may  be  ijg^norcd. 

*  Am.  Geologist,  vol.  24, 1899,  p.  278. 

*  Jour.  Geology,  vol.  7, 1899,  p.  437.  A  syenite  from  Montana,  containing  31  per  cent  of  corundum  has 
been  described  by  A.  F.  Rogers,  Jour.  Geology,  vol.  19, 1911,  p.  748. 

*  Mem.  Geo].  Survey  India,  vol.  30,  1901,  pp.  201,  205.  For  Indian  oonindum  in  general,  see  Holland, 
Mannal  of  geology  of  India,  Eoooomio  geology,  pt.  1;  F.  R.  Mallet,  Roc.  GeoL  Survey  India,  vol.  5^  IST^ 
p.  20;  vol.  6, 1873,  p.  43;  and  C.  S.  Mlddlemlss,  idem,  vol.  29, 1896^  p.  38.  MaUet  describes  beds  of  oonmdom 
in  gneiss.  A  remarkable  corundum  rock  from  India  is  described  by  J.  W.  Judd  in  Mincralog.  Kag.,  vol. 
11, 1895,  p.  56.  For  Burmese  occurrences,  see  C.  B.  Brown  and  Judd,  Proc.  Roy.  Soc,  vol.  fi7,  ISOS^  p.  387. 
On  tlio  conmdum  granulite  of  Waldheim,  Saxony,  see  E.  Kaflcowsky,  Abhandl.  Naturwiss.  Oesell.  Isis, 
July- Dec,  1907,  p.  47. 
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found  lajige  aystals  of  corundum  in  an  AH>ite-ortlLOclase  rock  near  its 
contact  with  elseolite  syenite.  They  were  associated  with  chrysoberyl 
and  zinc  spinel,  zinc  oxide  and  glucina  having  here  played  the  part 
usually  assigned  to  magnesia  in  the  commoner  magmas.  In  the  Bid- 
well  Bar  quadrangle,  California,  A.  C.  Lawson  ^  found  a  dike  of  an 
oligoclase-conmdum  rock  cutting  peridotite. 

The  solubihty  of  alumina  in  peridotite  niagma.s — that  is,  in  mag- 
mas free  from  lime  and  alkalies— seems  not  to  have  been  experimen- 
tally investigated.  The  corimdum  of  North  Carolina  and  Gcoi^a, 
however,  is  associated  with  rocks  of  this  class,  and  whether  it  was 
derived  by  fractional  crystallization  from  the  ohvine  rock,  dimite^ 
or  from  contact  action  with  adjacent  gneisses  is  an  open  question. 
The  latter  view,  which  is  that  of  the  earher  writers  upon  these  locali- 
ties, was  advocated  by  T.  M.  Chatard,^  but  J.  H.  Pratt  ^  argues  in 
favor  of  a  pyrogenic  origin.  According  to  Pratt,  the  corundum 
crystallized  from  the  fused  dimite  along  the  cooler  surfaces  of  con- 
tact with  the  surroimding  rocks.  In  these  deposits  spinel  occurs  but 
rarely.  The  corundum,  emery,  and  iron  spinel  of  the  ^'Cortlandt 
series"  in  New  York  were  regarded  by  G.  H.  Williams  *  as  segre- 
gations in  norite.^ 

At  Yogo  Gulch,  in  the  Little  Belt  Mountains  of  Montana,  conm- 
dum  is  found  in  dikes  of  lamprophyre  which  contains  too  little 
alumina  to  satisfy  the  conditions  laid  down  by  Morozewicz.  The 
occurrence  has  been  carefully  studied  by  W.  H.  Weed  ®  and  L.  V. 
Pirsson,^  who  believe  that  the  corundum  was  not  in  this  case  a  con- 
stituent of  the  original  magma,  but  that  it  has  been  produced  by  the 
action  of  the  latter  upon  inclosed  fragments  of  clay  shale  or  lime- 
stone. This,  of  course,  is  a  sort  of  contact  action,  but  its  mechanism 
is  not  clearly  worked  out.  The  thermal  decomposition  of  minerals, 
especially  of  silicates,  has  so  far  been  inadequately  studied.  Under 
what  neutral  conditions  can  alumina  be  hberated  from  its  silicates  ? 
This  is  a  question  which  demands  investigation,  but  it  may  be  noted 
here  that  Vemadsky,*  by  fusing  muscovite,  obtained  sillimanite  and 

1  Bull.  Dept.  Cfcology  Univ.  California,  vol.  3, 1903,  p.  219. 

•  Bull.  U.  S.  Gool.  Survey  No.  42, 1887,  p.  45.  Chatard  gives  abundant  references  to  literature.  See  also 
F.  P.  King's  report  upon  Georgia  corundum  (Bull.  Geol.  Survey  Georgia  No.  2,  ISM),  which  contains  a 
bibHognpfay  of  American  publications  rxpoa  the  subject.  A  similar  publicaticn  by  J.  V.  Lewis,  oo  North 
Camlina  corundum,  forms  Bull.  No.  11  of  the  North  Carolina  Geol.  Survey,  1S96.  Vol.  1  of  the  North  Caro- 
lioa  Oeol.  Survey,  1905,  by  Pratt  and  Lewis,  is  a  valuable  monograph  on  corundum  and  dmimite. 

«  Am.  Jour.  Sci.,  4th  ser.,  vol.  6, 1898,  p.  40:  vol.  8, 1899,  p.  227.  In  Mineralog.  Mag.,  voL  12, 1899,  p.  139, 
J.  W.  Judd  and  W.  E.  Hidden  have  a  pajwr  upon  North  Carolina  ruby:  also  in  Am.  Jour.  Sci.,  4th  ser., 
yxA.  8, 1899,  p.  370. 

<Ara.  Jour.  Sd.,  ad  ser.,  vol.  33, 1887,  p.  194. 

•  For  an  account  of  the  emery  mine  at  Chester,  Massachusetts,  see  B.  K.  Emexson,  Man.  V.  8.  Geoi.  Sur- 
vey, vol.  29, 1898,  p.  117.  In  Bull.  U.  S.  Geol.  Survey  No.  269, 1906,  J.  U.  Pratt  gives  a  very  complete 
account  of  the  corundum  and  emery  of  the  United  States,  together  with  much  Information  upon  foreign 
localities.    For  the  emerj'  of  Naxos,  sec  S.  A.  Papavasiliu,  Geol.  Centralbl.,  vol.  8, 1905,  p.  90. 

•Twentieth  Ann.  Rcpt.,  U.  S.  Geol.  Survey,  pt.  3, 1900,  p.  454. 

'Idem,  p.  552:  Am.  Jour,  Sci.,  4th  ser.,  vol.  4, 1897,  p.  421.  See  also  O.  F.  Kunz,  Am.  Jour.  Sci.,  4th 
ser.,vol.  4, 1887,  p.  417. 

•  Cited  by  Morowwicz,  Min.  pet.  Mitt.,  vol.  18, 1898,  p.  25. 
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corundum.  Natural  corundum  evidently  may  originate  in  more 
than  one  way,  and  no  single  process  can  account  for  all  of  its  occur* 
rcnccs. 

Notwithstanding  the  fact  that  corundum  is  one  of  the  most  refrac- 
tory of  minerals  toward  aqueous  solvents,  being  insoluble  in  even  the 
strongest  acids,  it  is  not  absolutely  unalterable  by  them.  S.  J. 
Thugutt  *  found  that  corundum,  upon  prolonged  heating  with  water 
to  about  230*^  in  a  platinum  digester,  became  appreciably  hydrated. 
The  product  of  the  reaction  after  336  hours  contained  5.14  per  cent 
of  combined  water.  Even  at  100°  in  an  open  vessel,  some  hydration 
occurred.  A  similar  prolonged  treatment  of  conmdum  with  a  solu- 
tion of  the  silicate  KjSijOj  converted  it  into  a  substance  having  the 
composition  of  orthoclase,  while  sodium  silicate  produced  a  com- 
pound resembling  analcite.  In  nature  reactions  of  this  kind  are 
conceivably  possible,  but  they  must  be  very  slow;  in  the  laboratory 
the  acceleration  due  to  temperature  and  pressure  accounts  for  much 
of  the  change.  However,  alterations  of  conmdum  are  conunoni  and 
Thugutt's  experiments  give  us  some  notion  of  the  way  in  which  they 
were  probably  effected.  By  water  alone  corundum  may  be  trans- 
formed into  diaspore,  ILVlOj,  which  is  one  of  its  frequent  associates. 
By  further  or  coincident  action  of  salts  dissolved  in  percolating 
waters  the  alteration  of  corundum  can  bo  modified,  and  a  consider- 
able number  of  other  minerals  may  be  pibduced.^  Among  them 
gibbsite,  spinel,  sillimanite,  kyanite,  andalusite,  pyrophyllite,  musco- 
vite,  paragonite,  chloritoid,  margarite,  zoisite,  feldspars,  tourmaline, 
and  various  vermiculites  and  chlorites  have  been  recorded.'  3ome  of 
these  reported  alteration  products  are  doubtless  secondary  and  not 
due  to  the  direct  transformation  of  corundum,  but  on  this  subject 
there  is  much  uncertainty.  The  envelopment  of  one  mineral  by 
another  does  not  necessarily  establish  the  derivation  of  the  second 
from  the  first.  The  field  observations  and  the  study  of  natural  speci- 
mens need  to  be  reinforced  by  experiments  in  the  laboratory  before 
accurate  conclusions  concerning  the  alterations  can  be  drawn. 

THE   SPINELS. 

Spinel. — Isometric.  Composition,  MgAljO^.  Molecular  weight, 
142.5.  Specific  gravity,  3.5.  Molecular  volume,  40.7.  Usuially 
colored  violet,  green,  or  red  by  impurities.     Hardness,  8. 

Tlercynite. — Isometric.  Composition,  FeAljO^.  Molecular  weight, 
174.1.  Specific  gravity,  3.93.  Molecular  volume,  44.3.  Color,  black. 
Hardness,  7.5  to  8. 

1  MincralchGmischo  Studion,  Dori>at,  1891,  p.  1(M. 

*  For  a  discussion  of  the  reactions  which  are  supposed  to  produce  the  alterations  of  corundum,  see  C.  R. 
Van  Ilise,  Mon.  U.  S.  Gcol.  Survey,  vol.  47, 1904,  pp.  223-225. 

•  F.  A.  Genth,  Proc.  Am.  Philos.  Soc.,  vol.  13, 1873,  p.  361;  vol.  20, 1882.  p.  381;  Am.  Jour.  Sd.,  3d  ser., 
vol.  39,  1890,  p.  47.    These  papers  are  fUll  of  details  regarding  alteration  products  of  corundum. 
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These  minerals,  together  with  gahnite,  ZnAl,04,  magnetite, 
Fe''Fe"',04,  magnesioferrite,  MgFe204,  franklinite,  and  chromite, 
fonn  a  natural  isometrio  group,  in  which  there  are  many  intermediate 
mixtures.  In  the  general  formula  R"R,'"04,  R''  may  be  mag- 
nesium,  ferrous  iron,  zino,  or  manganese;  and  R"'  is  represented  by 
aluminum,  ferrio  iron,  trivalent  manganese,  and  chromium.  In 
pleonaste  we  have  an  intermediate  magnesium  iron  spinel,  and  in 
picotite  chromium  appears.  Structurally  the  formula  of  spinel  is 
commonly  written  0=Al-0— Mg— O— A1  =  0,  but  this  should  not 
be  taken  as  a  finality.  It  is  not  the  only  expression  possible,  nor  has 
its  validity  been  proved. 

The  following  analyses  of  spinels  show  the  wide  variations  in  their 
composition: 

Analyses  of  spinels. 

A.  Rose  spinel.  Ceylon.    Analysis  by  TT.  Abich. 

B.  From  Vesuvius.    Analysis  by  II.  Abich.    Analyses  A  and  n  cited  from  Dana's  System  of  mlneralof^, 
6th  ed.,  p.  222. 

C.  From  Ihersolite,  Auvergne.    Analysis  by  F.  PisanI,  Compt.  Rond.,  vol.  63,  1866,  p.  49. 

D.  From  pjrroxenite,  McMitana.  Analysis  by  L.  G.  Eakins,  Bull.  U.  S.  Geol.  Survey  No.  220, 1903,  p.  20. 

E.  Pleonaste  from  near  Peekskill,  Now  York.    Analysis  by  C.  A.  WoUe,  Am.  Jour.  ScL,  2d  ser.,  vol.  48, 
1800,  p.  350. 

F.  Hercynite  from  the  Ddhmerwald.    Analysis  by  B.  Quadrat,  Liebig's  Annalen,  vol.  55, 1845,  p.  357. 
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Members  of  the  spinel  group  have  been  made  artificially  by 
methods  which  generally  recall  those  mentioned  under  corundum. 
For  example,  S.  Mexmier  *  fused  a  mixture  of  alumina,  magnesia, 
cryolite,  and  aluminum  chloride  and  obtained  spinel  crystals.  In 
another  investigation '  he  produced  them  by  heating  aluminum 
chloride  and  water  with  metalUc  magnesium  in  a  sealed  tube.  These 
processes,  with  others  which  have  been  described,  may,  perhaps, 
represent  in  a  broad  way  the  pneumatolytic  methods  of  nature. 
The  production  of  spinel  by  the  fusion  of  appropriate  magmatio 
mixtures  is,  however,  the  process  of  greatest  importance  geologically, 
and  somo  of  the  conditions  attending  its  formation  have  been  already 
described  under  corundum.     E.  S.  Shepherd  and  G.  A  Rankin' 

>  Compt.  Rend.,  vol.  104,  1887,  p.  1111. 
« Idem,  vol.  90,  1880,  p.  701. 

>  Am.  Jour.  Scl.,  4th  ser.,  vol.  28, 190d,  p.  29^ 

173750'*— 10— Bull.  695 22 
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havo  prepared  spinel  by  direct  fusion  of  its  constituent  oxides. 
J.  K.  Mourelo  ^  obtained  gahmte  by  heating  a  mixture  of  alumina, 
zinc  oxide,  and  boric  oxide  to  redness  for  18  hours.  The  details  of 
Morozewicz's  experiments  need  not  be  repeated  here.'  An  inter- 
esting emphasis  is  given  to  them  by  the  observations  of  G.  lincki* 
who  found,  in  a  German  gabbro,  spinel  associated  with  sillimanite 
and  corundum.^ 

Spinels  are  also  formed  by  the  breaking  down  of  other  minerals  w 
by  the  reactions  of  two  or  more  species  upon  one  another.  Accord- 
ing to  Vemadsky,'  spinel  is  among  the  compounds  produced  by 
the  fusion  of  biotite,  an  observation  which  has  been  confirmed  by 
C.  Doelter.*  F.  W.  Clarke  and  E.  A.  Schneider*  found  it  to  be 
formed  when  clinochlore  and  xanthophyllite  were  strongly  ignited, 
and  Doelter "  also  obtained  it  by  fusing  the  first-named  species. 
Tourmaline,  pyrope,  and  spessartite  also  yield  spinel  among  the 
products  of  their  fusion." 

According  to  Fouqu6  and  L6vy '  spinel  and  melanite  are  formed 
when  nephehte  and  augite  are  fused  together,  and  Doelter  and 
Hussak  ^®  obtained  spinel  from  a  mixture  of  f ayalite  and  sarcoUte. 
M.  Vu&nik  ^^  found  that  a  mixture  of  magnetite  and  anorthite  gave 
recrystallized  anorthite,  hercynite,  and  glass,  the  magnetite  having 
disappeared.  Similar  observations  with  augite-eteolite  and  corun- 
dum-elaeolite  mixtures  were  made  by  B.  Vukits.^ 

Spinel,  especially  pleonaste,  is  a  common  accessory  mineral  in 
gneisses  and  in  many  eruptive  rocks.  Picotite  is  more  character- 
istic of  the  peridotites  and  the  derived  serpentines.  Spinel  is  a 
frequent  companion  of  conmdum  and  also  of  emery,  as  at  Chester, 
Mass.,  and  in  the  norite  at  Crugers,  N.  Y.^^  A  number  of  remarkable 
spinel  rocks  from  Elba  have  been  described  by  P.  Aloisi.**  A  troc- 
tolite  from  Madagascar,  rich  in  spinel,  is  reported  by  A.  Lacroix.** 
Many  of  these  occurrences  are  easily  interpreted  in  the  light  of 
Morozewicz's   experiments.     The  other  experiments,    cited    above, 

^  Chem.  Abst.,  vol.  9, 1015,  p.  2749.    From  Rev.  gdn.  scl.,  vol.  26, 1915,  p.  SOI. 
<  See  also  J.  H.  L.  Vogt,  MJneralblldung  in  Schmelzmassen,  pp.  139-203. 
s  Sitzungsb.  K.  Akod.  Wiss.  Berlin,  1893,  p.  47. 

•  See  also  W.  Salomon,  Zeitachr.  Deutscb.  geol.  GeselL,  vol.  42, 1890,  p.  525,  for  spinel  in  cordierito  contact 
rocks  in  Italy. 

•  Cited  by  J.  Moracewics,  If  in.  pet.  Mitt.,  vol.  18, 1998,  p.  59. 

•  Neues  Jahrb.,  1897,  Band  1,  p.  1. 

T  Boll.  U.  S.  Geol.  Survey  No.  113, 1893,  p.  30. 

•  Doelter,  loc.  cit.,  for  tournuline.   C.  Doelter  and  E.  Hussak,  Neoes  lahrb.,  1$S4,  Band  1,  p.  157,  for 
garnets. 

•  Synthtee  des  min^raaz  et  des  roches,  p.  64. 
»  Neoes  Jahrb.,  18S4,  Band  1,  p.  157. 

u  CentralbL  Min.,  Qeol.  u.  PaL,  1904,  p.  297.    Criticized  by  J.  Moroxewlcs  In  the  same  journal,  1905,  p.  1411. 
«« Idem,  1904,  pp.  710,  743. 

»  G.  n.  Williams,  Am.  Joor.  ScL,  3d  ser.,  vol.  33, 18S7,  p.  194.    Bee  abo  J.  H.  Pratt,  BulL  U.  8.  GeoL 
Survey  No.  260, 1906,  p.  34. 
"  Proc.  verb.  See.  to!;c.  scl.  nat.,  vol.  15,  p.  (Ml 
u  BulL  Soo.  min.,  vol.  31, 1908,  p.  318. 
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exidain  the  appearance  of  spinel  as  a  contact  mineral.  In  many 
cases  it  appears  in  limestones  as  a  product  of  contact  metamorphism. 
Its  alterations  seem  to  have  been  little  studied,  but  a  change  into 
steaUte  is  mentioned  in  the  literature. 

Chromite. — ^Isometric.  Normal  composition,  FeCr,04,  but  with 
variable  replacements  of  Fe^'  by  Mg  and  of  Cr  by  Al  and  Fe'",  as 
in  the  other  members  of  the  spinel  group.  Specific  gravity,  4.32 
to  4.57.  Color,  black.  Hardness,  5.5.  The  following  analyses  are 
fairly  typical:^ 

«       Analyses  of  chromite. 

A.  From  vicinity  of  Mundorfl^  British  Cohiinbla.   Chrompicotite.    Analysis  by  R.  A.  A.  Johnston^ 
for  G.  C.  Hoffmanii,  Am.  Jour.  Set,  ith  ser.,  vol.  13, 1902,  p.  242. 

B.  From  Conmdam  Hill,  North  CaroUna.    Analysis  by  C.  Baskerville,  for  J.  H.  Pratt,  Am.  Joor.  Sol., 
4th  me.,  VOL  7, 18W,  p.  281. 

C.  Fiom  Webster,  North  CaroUna.    Analysis  by  H.  W.  Foote,  for  Pratt,  loc.  cit. 

D.  From  Port  aa  Port  Bay,  Ne\rfoandland.    Analysis  by  E.  Waller,  for  G.  W.  Maynard,  Trans.  Am. 
Inst.  ICin.  Eng.,  vol.  27, 1807,  p.  283. 

E.  From  Tampadal,  lower  Silesia.    Analysis  by  Laszczynskl,  for  H.  Traube,  Zeltschr.  Deutsoh.  geol. 
GeseU.,  vol.  46, 1894,  p.  50. 


A 

B 
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Da 
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CtJOm 

55.90 
13.83 

57.80 
7.82 

39.95 
29.28 

49.23 
7.50 

41.23 

ALO. 

24.58 

FeU>. 

2.28 

FeO 

14.64 

25.68 

.69 

5.22 

2.80 

13.90 

"if.si' 

17.21 

Trace. 

18.66 

6.51 

16.99 

MnO 

.58 

MgO 

15.01 
.60 

14.77 

SiO, 

P^AVrj.  -••.•••.-•..•-..•...-.-.........- 

99.98 

100.01 

100.44 

99.11 

100.43 

aAlso  contains  traces  orilmo,  copper,  and  vanadiom. 

The  earlier  syntheses  of  chromite  seem  to  have  little  or  no  geo- 
logical bearing.  S.  Meunier,^  however,  who  prepared  chromite  by 
oxidizing  an  alloy  of  iron  and  chromium,  attributes  its  origin  to  a 
similar  reaction  occurring  in  nature.  He  supposes  that  such  an 
alloy,  like  platinum  and  nickel  iron,  can  be  brought  up  from  the 
interior  of  the  earth  to  be  oxidized  by  vapors  when  it  nears  the 
surface.  Unfortunately,  no  such  alloy  has  yet  been  found  in  the 
rocks,  and  in  meteorites  chromite  itself  is  a  common  mineral. 

Chromite  is  essentially  a  constituent  of  peridotites  and  of  the 
serpentines  derived  from  them.  It  is  one  of  the  earliest  species 
formed  during  the  solidification  of  the  magma,  and  its  larger  deposits, 
when  it  occurs  in  ore  bodies,  are  now  generally  ascribed  to  magmatic 
differentiation  through  the  action  of  gravity.     J.  H.  L.  Vogt '  thus 

>  A  very  complete  collection  of  chromite  analyses,  down  to  1884,  with  literature  references,  is  given  in 
If.  £.  Wadsworth  's  Lithol(%ical  studies:  Mem.  Mus.  Comp.  Zool.  Ilarvard  Coll.,  vol.  11, 18S4.  A  mineral 
(rem  Serbia,  of  composition  Fe30t.Cr30s,  has  been  named  chromitite  by  M.  Z.  Jovitscbitsch,  Monatsh. 
Chemie,  vol.  30, 1909,  p.  39.    Also,  later.  Bull.  Soc.  Min.,  vol.  35,  1911,  p.  511. 

•  Compt.  Rend.,  vol.  110, 1890,  p.  424. 

*  Zeltschr.  prakt.  Geologie,  1894,  p.  384. 
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inierprete  the  chromite  deposits  of  Norway,  and  J.  H.  Ptmtt  ^  has 
elalx/rated  the  same  conception  with  respect  to  the  chromic  iron 
ores  of  North  Carolina*  The  origin  of  corundmn  and  of  chromite  in 
d unite  Pratt  explains  in  the  same  way.  When  a  peridotite  altera  to 
serpentine  the  refractory  chromite  remiuns  unchanged. 

Magnetiie. — Isometric.  Composition,  FejO^,  hut  with  variahle 
impurities  and  replacements.  Molecular  weight,  231.7.  Specific 
gravity,  6.17.  Molecular  Tolume,  44.8.  Color,  hlack.  Hardness, 
5.5  to  6.5.  Magnesium,  manganese,  aluminum,  and  titanium  are 
common  impurities,  rutile,  ilmenite,  hematite,' and  the  spinels  being 
frequent  admixtures  in  magnetite.  The  titaniferous  magnetites 
form  a  well-known  subclass  of  ores.  In  a  magnetite  from  the  Tyro- 
lese  Alps,  T.  Petersen '  found  1.76  per  cent  of  nickel  oxide,  and  the 
magnetites  of  eastern  Ontario  may  contain  half  as  much.* 

Magnetite  is  often  observed  as  a  furnace  product,  and  it  forms  the 
''Iron  scale"  of  the  blacksmith.  W.  MuUer*  found  both  magnetite 
and  hematite  in  crystals  among  the  oxidation  products  of  the  iron- 
bearing  residues  from  an  aniline  factory.  The  mineral  has  also  been 
produced  artificially  by  several  investigators.  J.  J.  Ebelmen  •  pre- 
pared it,  well  crystallized,  by  fusing  together  an  iron  silicate  and 
lime.  According  to  H.  Sainte-Claire  Deville,*  ferrous  oxide,  heated 
in  a  stream  of  hydrochloric  acid,  forms  magnetite,  while  a  mixture 
of  magnesia  and  ferric  oxide,  similarly  treated,  yields  magnesiofer- 
rite,  MgKeaO^.  T.  Sidot  ^  obtained  magnetite  by  the  calcination  of 
ferric  oxide  alone. 

In  artificial  magmas  magnetite  is  easily  formed,  especially  when 
the  proportion  of  silica  is  low.  Any  excess  of  iron  over  that  needed 
to  combine  with  silica  is  likely  to  be  deposited  in  the  form  of  mag- 
notito,  although  the  conditions  of  its  appearance  are  not  so  simple 
as  in  the  separation  of  alumina  as  corundum.^  The  order  of  its 
crystallization  with  reference  to  other  minerals  is  by  no  means 
invariable. 

Like  the  spinels,  magnetite  may  be  formed  by  the  breaking  down 
of  other  species,  or  by  reactions  between  them.  In  other  words,  it 
may  be  a  product  of  contact  metamorphism.  C.  Doelter,'  for  ex- 
ample, lepeatedly  obtained  it  by  fusing  various  rocks  in  contact  with 

t  Trims.  Am.  Inst.  Min.  Eng.,  vol.  29, 1999,  p.  17.  For  a  general  review  of  chromite  deposits,  see  Stelxnci^ 
llergeat,  i)ie  Ertlagerst&tten,  1904,  p.  33.  The  magmatio  view  is  adopted  in  this  work  and  also  in  fied^'ft 
treatise  upon  ore  bodies. 

•  Noucs  Jahrb.,  1867|  p.  836. 

« W.  c).  Miller,  Kept.  British  Assoc.,  1897,  p.  600. 
« Zoitschr.  Dcutsch.  geol.  Oesell.,  vol.  45, 1893,  p.  63. 

•  Compt  Rood.,  vol.  33, 1S51,  p.  528. 
«  Idem,  vol.  53, 1861,  p.  199. 

•  Idem,  vol.  60^  1869,  p.  201. 

•  See  J.  Morocewict,  Min.  pet.  Mitt.,  vol.  18, 1898,  p.  »4,  and  J.  H.  L.  Vogt,  Mineralbildung  in  Sduneli- 
massen,  pp.  203-212. 

•  Neues  Jahrb.,  18S6»  Bmnd  1,  p.  128. 
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limesUme — a  procedure  which  recalls  Ebelmen's  experiment.  Ac- 
mite  upon  fusion  yields  magnetite  and  a  glass,^  and  glaucophane 
gives  similarly,  a  mixture  in  which  magnetite  appears.  By  melting 
together  biotite  and  microcUne,  Fouqufi  and  Lfivy^  obtained  magnet- 
ite, leucite,  and  oUvine.  J.  Lenar6i( '  found  magnetite  in  the  mass 
produced  by  fusing  leucite  with  augite;  but  on  the  other  hand,  when 
magnetite  and  labradorite  were  taken,  the  former  mineral  was  dis- 
solved and  augite  appeared.  Similar  observations  were  made  by 
M.  Vu6nik  *  and  B.  Vukits,®  who  found  magnetite  among  the  fusion 
products  of  anorthite  and  hedenbergitO;  albite  and  hedenbergite, 
oHvine  and  augite,  elasoUte  and  augite,  and  elseoUte  and  diopside. 
Each  of  these  couples,  when  fused,  yielded  magnetite,  with  other 
products  which  varied  according  to  the  nature  of  the  mixture. 

Magnetite  occurs  as  an  accessory  mineral  in  rocks  of  all  classes, 
and  it  sometimes  rises  to  the  rank  of  a  principal  constituent,  or  even 
forms  rock  masses  by  itself.  It  is  obviously  most  abundant  in  rocks 
rich  in  ferromagnesian  minerals,  such  as  norites,  diabases,  gabbros, 
or  peridotites;  but  it  is  also  associated  with  nepheline  rocks  and 
anorthites.  In  many  cases  it  forms  large  ore  bodies  that  are  regarded 
as  products  of  magmatic  differentiation;  and  these  deposits,  as  a 
rule,  are  highly  titaniferous.''  Some  ores  shade  from  magnetite  into 
ilmenite,  with  over  40  per  cent  of  titanic  oxide.  They  frequently 
contain  spinel,  and  sometimes,  also,  corimdum. 

In  the  great  iron  deposits  of  the  Lake  Superior  region,  and  the 
adjacent  parts  of  Michigan,  Wisconsin,  and  Minnesota,  magnetite  is 
found  in  slates  and  cherts,  often  associated  with  grunerite  and  actino- 
lite.'  Here  the  mineral  is  not  of  direct  igneous  origin.  In  the  Mesabi 
district,  according  to  C.  K.  Leith,®  it  is  derived  from  the  leaching  of 
a  hydrous  iron  silicate,  of  uncertain  composition,  to  which  he  has 
given  the  name  ''greenalite/'  Other  sihcates  may  yield  magnetite 
through  metamorphic  changes,  and  it  can  also  form,  says  C.  R.  Van 
Hise,®  from  marcasite  and  pyrite,  and  from  the  oxidation  of  siderite 

>  Doelt«r,  Neucs  Jahrb.,  1897,  Band  1,  p.  1.    See  also  M.  VuCnik,  cited  below. 

•  Synth^  des  min6raux  et  des  roches,  p.  77. 

•  Centralbl.  Min.,  Geol.  u.  Pal.,  1903,  pp.  705, 743. 

•  Idem,  1904,  pp.  300,  342,  344,  345,  366,  369. 

•  Idem,  1904,  pp.  705,  715,  743,  748. 

•  See  J.  H.  L.  Vogt,  Zeitschr.  prakt.  Geologic,  1893,  p.  6;  1894,  p.  3S2;  1900,  pp.  234, 370;  1901,  pp.  9, 180, 
289,  327.  J.  F.  Kemp,  Nineteenth  Ann.  Kept.  U.  S.  Geol.  Survey,  pt.  3,  1899,  p.  377;  School  of  Mines 
Quart.,  vol.  20, 1899,  p.  323;  vol.  21, 1900,  p.  56;  Zeitschr.  prakt.  Geologic,  1905,  p.  71.  W.  Lindgren,  Science, 
vol.  16, 1902,  p.  9S4,  G.  II.  Williams,  Am.  Jour.  Scl., 3d  ser.,  vol.  33, 1887,  p.  194.  R.  Bock,  Lehre  von  den 
Enlagerst&tten,  2d  ed.,  pp.  20-30.  Kemp's  paper  in  the  School  of  Mines  Quarterly  is  a  general  review  of 
the  titaniferous  magnetites,  with  many  analyses  and  copious  references  to  other  literature.  In  Zeitschr. 
prakt.  Geologic,  1907,  p.  86,  Vogt  describes  magmatic  iron  ores  in  granite.  On  magmatic  iron  ores  in  Utah 
ftee  E.  P.  Jennings,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  35,  1905,  p.  338.  On  the  magmatic  magnetites  of 
Lapland,  see  O.  Stutzer,  Ncues  Jahrb.,  Boil.  Band  24, 1907,  p.  548.  A  magnetite  basalt  from  Colorado  is 
described  by  H.  S.  Washington  and  E.  S.  Larson  in  Jour.  Washington  Acad.  Sci.,  vol.  3, 1913,  p.  449. 

•  See  C.  R.  Van  Hise,  W.  S.  Bayley,  II.  L.  Smyth,  and  J.  M.  Clements,  in  Mon.  U.  8.  Geol.  Survey,  vol. 
28, 1897;  vol.  36, 1889;  and  vol.  45, 1903. 

•  Ifeo.  U.  S.  Geol.  Survey,  vol.  43, 1903,  pp.  101-115. 

»  A  treatise  on  metamorphism;  Mod.  U.  S.  Geol.  Survey,  vol.  47, 190\,  "p.  22a.  "* 
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in  place.  By  further  oxidation  magnetite  can  alter  to  hematite  and 
hmonite,  and  through  the  agency  of  carbonated  waters  it  may  be 
trM[isformed  into  siderite  again. 

HEMATITE. 

Rhombohedral.  Composition;  FejO,.  Molecular  weight,  159.8. 
Specific  gravity,  5.2.  Molecular  volume,  30.7.  Color,  red  to  steel- 
gray  and  black.  Hardness,  5.5  to  6.5.  Hematite  has  been  prepared 
artificially  by  several  methods.  In  the  classical  experiment  cS 
Gay-Lussac/  the  vapor  of  ferric  chloride  was  decomposed  by  steam 
at  a  hi^  temperature,  and  crystals  of  hematite  were  formed.  A. 
Daubr6e'  obtained  it  by  passing  ferric  chloride  vapor  over  lime;  and 
H.  Sainte-Claire  Deville  ■  prepared  the  specular  variety  by  the  slow 
action  of  gaseous  hydrochloric  acid  upon  ferric  oxide  at  a  red  heat. 
Hematite  is  also  produced,  according  to  H.  Arctowski,^  by  the  action 
of  vaporized  ammonium  chloride  upon  either  red-hot  iron  or  ferric 
oxide.  It  has  also  been  noted  as  a  sublimation  product  in  the  salt- 
cake  furnaces  of  certain  chemical  works  .^  Fine  crystals  of  hematite, 
grouped  in  rosettes,  have  been  formed  in  the  iron  heating  pipes  of  a 
Deacon  chlorine  apparatus  in  Philadelphia.  Some  of  the  crystals 
were  as  much  as  3  centimeters  in  diameter.  Their  formation  was  due 
to  the  action  of  heated  air  and  hydrochloric  acid  upon  the  iron.* 
Ferri(5  chloride  was  probably  first  formed  and  then  transformed  into 
hematite  by  aqueous  vapor.  All  these  reactions  are  analogous  to,  if 
not  identical  with,  those  that  produce  the  so-called  ''sublimed'' 
hematite  which  is  seen  upon  volcanic  lavas.  A.  Arzruni,^  on  com- 
paring the  volcanic  mineral  with  the  artificial  product,  found  them 
to  be  crystallographically  identical.  W.  Bruhns's  experiment,®  in 
which  hematite  was  formed  by  heating  amorphous  ferric  oxide  ¥rith 
water  and  a  trace  of  ammonium  fluoride  to  300^  in  a  platinum  tube, 
seems  to  be  less  closely  related  to  geological  ^phenomena. 

Fouqu6  and  L6vy  •  repeatedly  obtained  hematite  from  artificial 
magmas,  and  similar  observations  have  been  made  by  others.  In 
ordinary  furnace  slags,  however,  accordhig  to  J.  H.  L.  Vogt,^®  hema- 
tite rarely  if  ever  occurs.  Ferric  oxide  can  crystallize  out  as  hematite 
only  when  ferrous  compomids  are  either  absent  or  present  in  quite 
subordinate  amounts,  for  ferrous  oxide  unites  with  it  to  form  mag- 

1  See  R.  Braims,  Chemiscfae  Mlneralpsle,  1890,  p.  231. 
>  Compt.  Rend.,  vol.  39, 1854,  p.  135. 
» Idem,  vol.  52, 1861 ,  p.  12M. 

•  Zdtschr.  anorig.  Chemie,  vol.  6, 18M,  p.  377;  BuIL  Acad.  roy.  sd.  Belf^qu?,  3d  ser.,  vd.  27, 18M,  p.  193. 

•  See  H.  Vater,  Zdtschr.  Kryst.  ICtn.,  vol.  10, 18S5,  p.  391;  and  B.  Doss,  idem,  vol.  20, 19tt,  p.  S86. 
« C.  E.  Honroe,  Am.  Jonr.  ScL,  4Ui  ser.,  vol.  24, 1907,  p.  485. 

f  Zdtschr.  Kryst.  Min.,  vol.  18, 1891,  p.  4G. 

•  Neues  Jahrb.,  1889,  Band  2,  p.  62. 

•  Synth^e  dcs  min^raux  et  dcs  roches,  p.  236. 

10  Mincmlbildung  in  Schmclzmassen,  pp.  215-217.    Cf.  also  J.  Morozevicz,  Mln.  pet.  Mitt.,  vol.  \%,  1996, 
p.  84. 
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netite.  The  latter  species,  therefore,  is  characteristic  of  rocks  rich  in 
ferromagnesiaa  minerals,  while  hematite  appears  chiefly  in  the  more 
siliceous  and  feldspathic  granites,  syenites,  trachytes,  rhyolites, 
andesites,  and  phonolites.  It  is  also  fomid  in  the  crystalline  schists; 
but  magnetite  is  by  far  the  more  conmion  as  a  pyrogenic  mineral.  In 
igneous  rocks  generally  ferrous  oxide  exceeds  the  ferric  in  amount, 
the  average  percentages,  as  shown  by  961  analyses,^  being  3.46  FeO 
and  2.63  FcgOj.  This  preponderance  of  the  lower  oxide  seems  to 
determine  the  frequent  formation  of  magnetite.  The  ferric  pyrite  and 
the  ferrous  pyrrhotite  appear  to  follow  the  same  rule  of  association, 
the  one  being  commonest  in  highly  silicic  rocks,  the  other  accom- 
panying the  ferromagnesian  minerals. 

Hematite  alters  into  limonite,  magnetite,  pyrite,  maiy^asite,  and 
siderite,*  and  in  metamorphic  rocks  it  may  be  derived  from  the  same 
species.  Limonite,  siderite,  and  magnetite  are  especially  liable  to 
yield  it.  Tlie  derivation  of  hematite  from  silicates  is  probably  always 
indirect,  one  or  another  of  the  above-named  species  having  been 
formed  first.  Titanium  is  a  common  impurity  in  hematite,  and  L.  J. 
Igelstrom,*  in  a  Swedish  ore,  found  molybdenmn  in  very  appreciable 

amoimts. 

TITANIUM  MINERAIiS. 

nTnerdte. — ^Rhombohedral.  Composition,  FeTiOj.  Molecular 
weight,  152.  Specific  gravity,  4.5  to  5.  Molecular  voliune,  30.4. 
Color,  black;  luster,  submetallic.     Hardness,  5  to  6. 

Hmenite,  menaccanite,  or  titanic  iron  has  been  little  investigated 
upon  the  synthetic  side.  W.  Bruhns  ^  prepared  it,  mixed  with  some 
magnetite,  by  heating  finely  divided  metallic  iron,  ferric  oxide,  and 
amorphous  titanic  oxide  with  hydrochloric  acid  in  a  platinum  tube 
to  270-300°.  In  nature,  however,  it  is  found  most  widely  diffused. 
It  occurs  with  or  replacing  hematite  in  granite  and  syenites  and  as  an 
essential  constituent  in  diorite,  diabase,  gabbro,  basalt,  etc.,  often 
wit^h  magnetite.'^  In  these  rocks  it  is  one  of  the  earliest- minerals  to 
separate.  It  is  also  found  in  metamorphic  rocks,  such  as  gneiss, 
mica  schist,  and  ampliibolite.  A.  von  Lasaulx  ®  describes  ilmenite 
as  an  alteration  derivative  of  rutile. 

The  constitution  of  Umenite  has  been  much  discussed.  Some  au- 
thorities have  regarded  it  as  an  isomorphous  mixture  of  FcaOa  and 
TijOg;  but  C.  Fried  el  and  J.  Gu^rin/  who  prepared  the  latter  com- 

i  Bull.  U.  S.  Geol.  Survey  No.  228, 1904,  p.  17. 

« C.  R.  Van  Hisc,  A  treatise  on  mctamorphism:  Mon.  U.  S.  Geol.  Survey,  vol.  47, 1904,  p.  220. 

»  Zeitschr.  Kryst.  Min.,  vol.  25, 1896,  p.  94. 

<  Neues  Jahrb.,  1889,  l^and  2,  p.  Co. 

»  See  the  papers  of  Vogt,  Kemp,  and  others  cited  under  magnetite.  The  titanL'erous  magnetites  are 
mixtures  of  that  species  with  ilmenite.  Beo  also  A.  Cathrcin,  Zeitschr.  Kryst.  Min.,  vol.  8, 1884,  p.  32U 
Urbalnite  is  a  rock  rich  in  ilmenite  found  at  St.  Urbain,  Canada.  Described  by  C.  n.  Warren,  Am.  Jour. 
ScL,  4th  scr.,  vol.  33, 1912,  p.  203. 

•  Zeitschr.  Kryst.  Min.,  vol.  8, 1S81,  p.  51. 

» Annales  chim.  phys.,  5th  scr.,  vol.  8, 1876,  p.  33. 
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pound  artificially,  do  not  favor  this  view.  Ti^Oj  as  such  has  not  been 
found  as  an  independent  mineral.  T.  Konig  and  O.  von  der  Pfordten  * 
made  various  attempts  to  detect  TijO,  in  ilmenite  and  only  met  with 
failure.  Since  the  mineral  pyrophanite,  MnTiOj,  isomorphous  with 
ilmenite,  is  known,  and  since,  as  S.  L.  Penfield  and  H.  W.  Footo' 
have  shown,  ihnenite  sometimes  contains  large  admixtiures  of  the 
molecule  MgTiOj,  the  formula  FeTiO,  may  now  be  regarded  as  estab- 
lished for  titanic  iron.  In  an  ilmenite  from  Warwick,  New  York, 
Penfield  and  Foote  found  16  per  cent  of  magnesia.  In  fact,  the  com- 
pound MgTiO,  is  independently  represented  by  the  mineral  geikie- 
lite'  from  Ceylon.  An  excess  of  iron  in  ilmenite  may  be  due  to 
admixed  hematite  and  an  excess  of  titanium  to  rutile. 

Ilmenite  is  often  surrounded  by  a  margin  of  white  or  even  reddish 
alteration  products,  which  is  commonly  known  by  the  name  of  leu- 
coxene..  According  to  A.  Cathrein,*  this  substance  is  essentially 
titanite,  sometimes  accompanied  by  rutile. 

Pseudohrookite. — Orthorhombic.  Composition,  ferric  or tho titan- 
ate,  Fe4(Ti04)3.  Molecular  weight,  559.9.  Specific  gravity,  4.39. 
Molecular  volmne,  127.5.    Color,  dark  brown  to  black.     Hardness,  6. 

Pseudobrookito  is  a  rare  accessory  mineral  in  certain  eruptive 
rocks,  such  as  andesite,  trachyte,  basalt,  and  nephelinite.  A  similar 
mineral,  formed  by  "sublimation''  in  a  salt-cake  furnace,  was  de- 
scribed by  B.  Doss,*  who  gave  it  the  formula  FejTiOg  and  made  it 
isomorphous  with  andalusite,  AljSiOs.  The  natural  mineral,  however, 
has  the  orthotitanate  formula,  as  given  above.' 

Perofskite. — Isometric  or  pseudoisometric.  Composition,  calcium 
titanate,  CaTiOg.  Molecular  weight,  136.2.  Specific  gravity,  4. 
Molecular  volume,  34.  Color,  yellow,  ranging  through  orange  and 
brown  to  grayish  black.     Hardness,  5.5. 

Porofskite  has  been  prepared  synthetically  by  several  chemists. 
J.  J.  Ebelmen  ^  obtained  it  by  fusing  titanic  oxide  with  lime  and 
potassium  carbonate;  and  later  *  by  the  action  of  lime  on  an  alkaline 
melt  containing  titanic  oxide  and  silica.  P.  Hautefeuille  "  heated  a 
mixture  of  calcium  chloride,  titanic  oxide,  and  silica  to  redness  in  a 
stream  of  moist  carbon  dioxide,  or  of  hydrochloric  acid,  and  obtained 
perofskite  crystals,  L.  Bourgeois  ^^  observed  its  deposition  from 
various  fused  mixtures  resembling  natural  magmas  in  composition. 

1  Ber.  Dcutsch.  chem.  Gesell.,  vol.  22, 1889,  p.  1485.  See  also  W.  Manchot,  Zeitschr.  anorg.  Chemie,  vol. 
74, 1912,  p.  79. 

*  Am.  Jour.  Sci.,  4th  ser.,  vol.  4, 1897,  p.  108. 

*  A  description  of  geildelite  by  T.  Crook  and  B.  M.  Jones  is  printed  in  Mlneralog.  Mag.,  vol.  14, 1900,  p.  160. 
<  Zeitschr.  Kryst.  Min.,  vol.  6, 1882,  p.  244. 

ft  Idem,  vol.  20, 1892,  p.  566.    Doss  gives  a  good  bibliography  of  pseudobrookite. 

*  Established  by  A.  Frenzel,  Min.  pet.  Mitt.,  vol.  14,  p.  121;  confirming  the  earlier  analyses  of  A.  Koch, 
O.  Lattermann,  and  A.  Cedarstr6m.    See  £.  S.  Dana,  System  of  mineralogy,  6th  ed.,  p.  232. 

»  Compt.  Rend.,  vol.  32, 1851,  p.  710. 

*  Idem,  vol.  33, 1851,  p.  528. 

*  Annales  chim.  phys.,  4th  ser.,  vol.  4, 1865,  p.  163. 
'i>Idem,  5th  ser.,  vol  29, 1883,  p.  479. 
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Filially,  P.  J.  Holmquist  ^  prepared  perofskite  by  fusing  together 
sodium  carbonate,  calcium  carbonate,  and  titanic  oxide,  imder  6pedal 
manipulative  conditions. 

Perofskite  occurs  both  in  eruptive  and  metamorphic  rocks.  It  is 
found  in  melilite,  leucite,  and  nepheline  rocks,  and  in  some  perido- 
tites ;'  and  is  among  the  earliest  secretions.  It  is  particularly  charac- 
teristic of  melilite  basalt,  being,  according  to  A.  Stelzner,'  the  most 
faithful  companion  of  melilite.  At  Catalao,  Brazil,  E,  Hussak*  found 
a  peculiar  rock  consisting  of  magnetite  and  perofskite;  a  titaniferous 
magnetite  of  a  new  kind.  A  similar  rock  has  been  found  in  the  Un- 
compahgre  quadrangle  by  E.  S.  Larsen  and  analyzed  in  tho  labora- 
tory of  the  United  States  Geological  Survey.  Perofskite  is  also  found 
in  chlorite  schist,  limestone,  quartz  gneiss,*  etc.  Hussak  observed  its 
alteration  into  titanic  oxide,  and  K.  Schneider  •  has  described  perof- 
skite as  derived  from  titanite. 

Titanite. — Monoclinic.  Composition,  CaTiSiOj.  Molecular  weight, 
196.5.  Specific  gravity,  3.54.  Molecular  voliune,  55.5.  Color,  yel- 
low, green,  red,  gray,  brown,  or  black.     Hardness,  5  to  5.5. 

Titanite,  or  sphene,  has  been  produced  artificially  by  several  experi- 
menters, but  it  does  not  seem  to  be  easily  formed.  P.  Hautefeuille  '' 
prepared  it  by  fusing  a  mixture  of  silica  and  titanic  oxide  with  cal- 
ciimi  chloride.  L.  Bourgeois  *  obtained  it,  but  obscurely  developed, 
by  fusing  together  its  constituent  oxides,  silica,  titanic  oxide,  and 
lime.  L.  Michel  •  fused  ilmenite  with  calcium  sulphide,  silica,  and 
carbon,  which  yielded  a  mixture  of  titanite,  garnet,  and  a  subsulphide 
of  iron.  S.  Smolensky  ^^  prepared  titanite  by  Bourgeois's  method  and 
determined  its  meltingjpoint  as  1,221°. 

As  a  pyrogenic  mineral  titanite  is  foimd  among  the  oldest  secre- 
tions in  the  more  siliceous  rocks,  such  as  granites,  diorites,  syenites, 
and  trachyte.  It  is  abundant  in  phonolites  and  elseolite  syenites, 
and  is  also  common  as  a  secondary  mineral,  derived  by  alteration 
from  rutile  or  ilmenite.  It  is  often  associated  with  chlorite.  At 
Green  River,  North  Carolina,  large  crystals  of  sphene  are  found  com- 
pletely or  partially  altered  into  a  yellow,  friable,  earthy  substance 
which  has  been  given  the  name  of  xanthitane.  According  to  L.  G. 
Eakins,"  this  product  is  a  hydrous  titanate  of  aluminum.  An  altera- 
tion of  titanite  into  rutile  has  been  observed  by  P.  Mann  "  in  the 

»  Bull.  Oeol.  Inst.  Upsala,  vol.  3, 1896-97,  p.  181. 

9  See  0.  H.  WiUiams,  Am.  Jour.  Sci.,  3d  scr.,  vol.  34, 18S7,  p.  137;  J.  S.  Diller,  idem,  vol.  37, 1889,  p.  219. 

»  Neues  Jahrb.,  BeU.  Band  2, 1883,  p.  390. 

*  Neues  Jahrb.,  1894,  Band  2,  p.  297. 

»  See  O.  Magge,  Neues  Jahrb.,  Bcil.  Band  4,  ISSO,  p.  581. 
«  Neues  Jahrb.,  1889,  Band  1,  p.  99. 
'  Annales  chlm.  phys.,  4th  ser.,  vol.  4, 1865,  p.  129. 
•^Idcm,  6th  ser.,  vol.  29, 1883,  p.  474. 

•  Compt  Rend.,  vol.  115, 1892,  p.  830. 

w  Zeitschr.  anorg.  Chemie,  vol.  73,  1912,  p.  302. 
"  Bull.  U.  8.  Geol.  Survey  Xo.  60,  1S90,  p.  135. 
»  Seaes  Jabrb.,  1832,  Band  2,  p.  200. 
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foyait^  of  the  Serra  de  Monchique;  aud  B.  Doss  *  has  reported  pseudo- 
morphs  of  anatase  after  sphene. 

Rutile. — ^Tetragonal.  Composition,  TlOj.  Molecular  weight,  80.1. 
Specific  gravity,  4.2.  Molecular  volume,  19.1 .  Color,  conmionly  red- 
dish to  brown  or  black.     Hardness,  6  to  6.5. 

BrooJcite. — Orthorhombic.  Composition  and  molecular  weight  as 
for  rutile.  Specific  gravity,  4.  Molecular  volume,  20.  Color,  yel- 
lowish, reddish,  bro¥m,  or  iron-black.     Hardness,  6.5  to  6. 

Ociahedrite  or  anatase. — ^Tetragonal.  Composition  and  molecular 
weight  the  same  as  for  rutile  and  brookite.  Specific  gravity,  3.82  U) 
3.95.  Molecular  volume,  20.5.  Color,  brown,  indigo-blue,  and  black. 
Hardness,  5.5  to  6. 

All  three  modifications  of  titanic  oxide  have  been  studied  synthet- 
ically. Crystals  of  brookite  were  obtained  by  A.  Daubr^e,'  by  the 
action  of  aqueous  vapor  upon  titanic  chloride  at  a  red  heat.  By 
heating  amorphous  titanic  oxide  to  redness  in  a  current  of  hydi'o- 
chloric  acid  gas,  H.  Sainte-Claire  DeviUe  and  H.  Caron  '  transformed 
it  into  a  cyrstalline  modification,  and  similar  results  were  obtained 
by  P.  Hautefeuille  and  A.  Perrey.*  By  the  prolonged  beating  of 
titanic  oxide  with  boric  acid  J.  J.  Ebelmen  *  obtained  rutile,  and  P. 
Hautefeuille  ®  attained  the  same  end  when  sodium  timgstate  or  vana- 
date was  used  as  flux.  H.  Traube  ^  also  crystallized  rutile  from  fused 
sodium  tungstate,  and  was  able  to  add  to  it  appreciable  quantities  of 
iron,  manganese,  and  chromium,  impurities  which  are  found  in  the 
natural  mineral.  Several  investigators  have  prepared  rutile  by  the 
same  general  process,  using  microcosmic  salt  as  the  solvent.  B.  Doss,* 
by  this  method,  prepared  both  rutile  and  anatase.  DevUle  and 
Caron  *  also  prepared  rutile  by  heating  titanic  oxide  with  sihca  and 
oxide  of  tin  to  redness.  By  heating  ilmenite  and  pyrite  together  at 
about  1 ,200°,  L.  Michel  *®  obtained  a  mixtxu'e  of  rutile  and  pyrrhotite. 

The  three  forma  of  titanic  oxide  were  reproduced  by  P.  Haute- 
feuille "  by  various  modifications  of  the  same  general  pneumatolytic 
process.  Potassium  titanato  and  calcium  chloride  were  heated  in  a 
cm-rent  of  hydrochloric  acid  mixed  with  air,  and  crystals  were  formed. 
Titanic  oxide  with  potassium  or  calcium  fluoride,  or  potassium  silico- 
fluoride,  similarly  treated,  gave  the  same  product,  which,  when  the 
operation  was  conducted  at  a  strong  red  heat,  was  rutile.  Brookite 
was  formed  by  heating  potassium  titanofluoride  in  aqueous  vapor, 

I  Neaes  Jahrb.,  1806^  Band  1,  p.  128. 
s  Compt.  Rend.,  vol.  29, 1849,  p.  227. 
s  Idem,  vol.  53, 1861,  p.  161. 
« Idem,  vol.  110, 1890,  p.  1038. 

•  Idem,  vol.  32, 1851,  p.  330. 

•  Cited  by  Bourgeois,  Reproduction  artiAdelle  des  mindraox,  1884,  p.  85. 
'  Neues  Jahrb.,  Befl.  Band  10, 18d5-96,  p.  470. 

■  Idem,  1894,  Band  2,  p.  147. 

•  Compt.  Rend.,  vol.  53, 1861,  p.  161. 
w  Idem,  vol.  115, 1892,  p.  1020. 

^  Annales  chlm.  phys.,  4th  ser.,  vol.  4, 1865,  p.  120. 
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and  by  the  action  of  hydrofluoric  acid  upon  titanic  chloride,  at  a 
temperature  not  higher  than  the  boihng  point  of  zinc.  A  mixture 
of  titanic  oxide,  calcium  fluoride,  and  potassium  chloride,  heated  ia 
a  stream  of  hydrochloric  acid,  silicon  fluoride,  and  moist  hydrogen, 
also  gave  brookite,  and  so  did  titanic  oxide,  silica,  and  potassium 
siUcofluoride  in  a  current  of  hydrochloric  acid  alone.  When  titanio 
fluoride  was  decomposed  by  aqueous  vapor  at  a  lower  temperature, 
at  or  near  the  boiling  point  of  cadmium,  octahedrite  was  produced. 
How  far  these  experiments  may  parallel  the  pneumatolytic  processes 
of  nature  is  doubtful;  but  they  show  that  rutile,  the  most  stable 
modification  of  titanic  oxide,  is  formed  at  the  highest  temperatures, 
brookite  at  temperatures  considerably  lower,  and  anatase  at  a  point 
still  lower  in  the  scale.  These  observations  are  in  harmony  with  the 
known  occurrences  of  the  three  species  as  rock-forming  minerals. 

Rutile  occiu^  as  a  pyrogenic  mineral  in  eruptive  rocks,  but  it  is 
more  conmion  in  gneiss,  mica  schist,  and  the  phylhtes.  In  a  horn- 
blende gneiss  from  Freiberg,  A.  Bergeat  *  observed  rutile,  ilmenite, 
and  titanite,  which  had  formed  as  a  single  generation  and  crystallized 
before  the  biotite.  A  remarkable  dike  rock  in  Nelson  Coimty,  Vir- 
ginia, described  by  T.  L.  Watson  and  S.  Taber,'  consists  essentially  of 
rutile  and  apatite.  Rutile  is  also  foxmd  as  a  secondary  mineral, 
derived  from  ilmenite  and  titanite.  C.  Doelter  '  foxmd  rutile  to  be 
slightly  soluble  in  water,  and  more  so  in  a  solution  of  sodium  fluoride. 
From  such  a  solution  after  heating  to  145°  during  thirty-four  days 
the  mineral  was  partially  recrystallized.  Possibly  some  secondary 
rutile  may  originate  from  solution  of  the  original  substance,  or  of 
titanic  oxide  leached  from  another  species. 

Brookite  is  not  found  in  fresh  eruptive  rocks,  but  generally  in 
decomposed  granite,  gneiss,  quartz  porphyry,  and  the  sedimentaries. 
Octahedrite  is  never  primary,  but  is  formed  by  the  alteration  of  other 
titanium  minerals.  It  has  been  observed  under  a  great  variety  of 
conditions,  as  in  granite,  diabase,  quartz  porphyry,  dioritc,  the  crys- 
talline schists,  shales,  sandstones,  and  limestones.* 

Brookite  alters  into  rutile,  and  rutile  into  ilmenite,  anatase,  and 
sphene.  The  titanium  minerals  arc  thus  closely  connected  with  one 
another,  and  transformations  are  possible  in  almost  every  direction. 
From  a  magma  deficient  in  lime  and  iron,  titanic  oxide  may  separate 
as  rutile;  when  lime  is  abundant,  titanite  or  perofskito  may  form; 
in  presence  of  much  iron  ilmenite  or  pseud obrooki to  will  be  deposited. 
Brookite  and  octahedrite  appear  only  as  secondary  minerals. 

»  Noues  Jahrb.,  1895,  Band  1,  p.  232. 

«  Bull.  U.  S.  Geol.  Survey  No.  430, 1910,  p.  COO. 

» Min.  pet.  Mitt.,  vol.  11, 1890,  p.  325. 

« For  a  very  full  summary  of  the  occurrence  of  zircon  and  the  titanium  minerals,  especially  brookite  and 
•natase,  see  IT.  Thurach,  Verhandl.  Phys.  raed.  Gesell.  WOnburg,  vol.  18,  No.  10, 1884.    On  the  rutflo  of 
Nelson  County,  Virginia,  see  G.  P.  Merrill,  Eng.  and  Min.  Jour.,  March  8, 1902,  andT.  I,. '^•fcaracv^lL'wscu 
Geology,  vol.  2, 1907,  p.  493. 
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CASSITERITE  AND   ZIRCON, 

Cassiterite. — Tetragonal.  Composition,  stannic  oxide,  SnO,.  Mo- 
lecular weight,  151.  Specific  gravity,  6.9.  Molecular  volume,  21.9. 
Color,  commonly  brown  to  black,  rarely  colorless,  red,  or  yellow. 
Hardness,  6  to  7. 

A.  Daubr^e*  prepared  cassiterite  by  the  action  of  aqueous  vapor 
upon  tin  tetrachloride  in  a  red-hot  porcelain  tube.  H.  Sainte-Qaire 
Deville' obtained  it  by  passing  gaseous  hydrochloric  acid  over  the 
amorphous  oxide  of  tin  at  a  high  temperature,  and  also  by  acting 
upon  stannous  chloride  with  aqueous  vapor.  According  to  A.  Ditte* 
stannic  oxide  may  be  crystallized  by  fusion  with  calcium  chloride, 
and  its  crystallization  is  mentioned  by  Deville  and  H.Caron*  as 
having  been  effected  by  heating  a  fluoride  of  tin  with  boric  oxide. 
The  formation  of  cassiterite  as  a  furnace  product  has  several  times 
been  observed,  most  recently  by  A.  Arzruni*  and  J.  H.  L.  Vogt.* 
In  this  case  it  was  produced  during  the  manufacture  of  pulverulent 
stannic  oxide,  by  the  slow  oxidation  of  metallic  tin.  With  this  excep- 
tion, the  syntheses  of  cassiterite  point  to  its  origin  as  a  pnemnato- 
lytic  mineral,  and  its  commoner  associations  tell  a  similar  story.  It 
is  almost  invariably  accompanied  by  minerals  containing  boric  oxide 
or  fluorine,  such  as  topaz,  tourmaline,  lepidoUte,  and  apatite.^ 

Cassiterito  is  rarely  foimd  as  an  original  rock-forming  mineral. 
M.  von  Miklucho-Maclay  ®  has  reported  it  accompanied  by  rutile, 
topaz,  apatite,  and  tourmaline,  as  an  inclusion  in  the  mica  of  a  gran- 
ite. According  to  R.  Beck,'  it  is  also  an  original  constituent  of 
granite  on  the  islands  of  Banca  and  Billiton.  It  also  occurs,  but 
sparingly,  in  the  lithia-bearing  pegmatites  of  Maine  and  California, 
and,  according  toL.  C.  Graton,'®  as  an  original  constituent  of  pegma- 
tite in  the  Carolinas.  The  relations  of  cassiterite  as  a  vein  mineral 
will  be  considered  in  another  connection  later. 

Zircon, — Tetragonal.  Composition,  zirconium  orthosihcate,  ZrSi04. 
Molecular  weight,  183.  Specific  gravity,  4.6  to  4.8.  Molecular  vol- 
ume, 38.7.  Color,  commonly  brown,  but  also  colorless,  yellow,  red, 
bluish,  green,  etc.     Hardness,  7.5. 

Krcon  has  been  repeatedly  produced  synthetically.  H.  Sainte- 
Clairo  Deville  and  H.  Caron^^  obtained  it  by  heating  zirconia  in  a 

J  Corapt.  Rend.,  vol.  29, 1849,  p.  227. 

5  Idem,  vol.  53, 1861,  p.  161. 

» Compt.  Rend.,  vol.  96, 1883,  p.  701. 

*  Idem,  vol.  46, 1858,  p.  766. 

5  Zcitschr.  Kryst.  Jfin.,  vol.  25, 1S96,  p.  467. 

*  Idem,  vol.  31, 1899,  p.  279. 

'  For  a  list  of  the  minerals  occurring  >*ith  cassiterite,  see  W.  Kohlmann,  Zeitschr.  Kryst.  Min. ,  voL  31, 
1895,  p.  350. 

*  Neues  Jahrb.,  1885,  Band  2,  p.  SS, 

« Zeitschr.  Kryst.  Min.,  vol.  33, 1900,  p.  205. 
ic  Bull.  U.  S.  Geol.  Survey  No.  293, 1906. 
»  Compt.  Rend.,  vol.  46, 1858,  p.  764. 
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current  of  silicon,  fluoride.  Deville*  also  prepared  it  by  heating  zir- 
conia  with  quartz  in  the  same  gas.  In  the  latter  process^  which  is 
identical  in  character  with  the  former,  zirconium  fluoride  is  formed, 
which  reacts  upon  the  quartz,  regenerating  the  sihcon  fluoride.  A 
small  quantity  of  the  latter  substance  may  therefore  generate  an 
indefinite  amount  of  zircon.  P.  Hautefeuille  and  A.  Perrey *  obtained 
zircon  when  a  mixture  of  silica,  zirconia,  and  lithium  molybdate  was 
heated  to  800°,  Finally,  K.  Chrustschoff '^  effected  the  synthesis  of 
zircon  by  heating  gelatinous  silica  and  gelatinous  zirconia  together, 
xmder  pressure,  to  a  temperature  near  redness,  Deville's  work  indi- 
cates a  possible  pneumatolytic  origin  for  zircon  in  some  instances; 
the  other  processes  seem  to  be  unrelated  to  the  ordinary  occurrences 
of  the  mineral. 

Zircon  is  one  of  the  commonest  accessory  constituents  in  all  classes 
of  igneous  rocks.  It  is  especially  common  in  the  more  silicic  species, 
such  as  granite,  syenite,  diorite,  etc.,  and  in  all  the  younger  eruptives. 
It  is  very  characteristic  of  the  nepheline  syenites.*  It  is  one  of  the 
earliest  minerals  to  crystalUze  from  the  coolmg  magmas,  and  the 
first  one  among  the  silicates.  With  or  in  place  of  zircon  some  more 
complex  silicates,  such  as  the  zircon  pyroxenes,  may  form.  These 
substances,  however,  are  exceedingly  rare  and  quite  imperfectly 
known. 

PHOSPHATES. 

Apatite. — Hexagonal.  Composition  variable,  two  compotrnds  being 
included  in  the  species.'  They  are  Ca5(P04)3F  and  Ca5(P04)3Cl. 
Molecular  weight,  504.5  for  fluorapatite  and  521  for  chlorapatite. 
Specific  gravity,  3.17  to  3.23.  Molecular  volume,  159.1  to  161.6. 
Color,  white,  green,  blue,  red,  yellow,  gray,  or  brown.     Hardness,  5. 

The  first  synthesis  of  apatite  was  effected  by  A.  Daubrfie,*  who 
obtained  it  in  crystals  by  passing  the  vapor  of  phosphorus  trichloride 
over  red-hot  lime.  N.  S.  Manross^  fused  sodium  phosphate  either 
with  calcium  chloride,  calcium  fluoride,  or  both  together,  and  so 
obtained  chlorapatite,  fluorapatite,  or  a  mixture  of  the  two,  resembling 
natural  apatite,  at  will.  This  process,  slightly  modified,  was  also 
adopted  by  H.  Briegleb  ®  successfully .     G.  Forchhammer' prepared 

»  Compt.  Rend.,  vol.  52, 1861,  p.  780. 

« Idem,  vol.  107, 1888,  p.  1000. 

»  Neues  Jahrb.,  1892,  Band  2,  p.  232. 

«  For  an  elaborate  discussion  of  the  natural  occurrences  of  lircon,  see  H.  Thilrach,  Verhandl.  Phys. 
med.  GeseU.  Wiirzburg,  vol.  18,  No.  lO,  1884.  For  zircon  in  the  augitc  syenites  of  Norway,  see  W.  C. 
Brdgger,  Zeitschr.  Kryst.  MIn.,  vol.  16, 1890,  p.  101.  A  zirconiferous  sandstone  found  near  Ashland,  Vir- 
ginia, has  been  described  by  T.  L.  Watson  and  F.  L.  Hess,  Bull.  Philos.  Soc.  University  of  Virginia,  vol.  1, 
1912,  p.  267. 

»  For  complete  analyses  of  apatite,  with  a  discussion  of  its  variations,  soe  J.  A.  Voelcker,  Ber.  Deutsch. 
cbem.  Oesell.,  vol.  16, 1883,  p.  2460.  For  manganese,  magnesium,  cerium,  etc., in  apatite,  see  £.  S.  Dana, 
System  of  mineralogy,  6th  ed.,  pp.  764,  7C5. 

•  Compt.  Rend. ,  vol.  32,  1851 ,  p.  625. 

'  UeMg's  Annalen,  vol.  82, 1852,  p.  353. 

•  Idem,  vol.  97, 1856,  p.  95. 

» Idem,  VOJ.  90, 1854,  pp,  77,  3JJ. 
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chlorapatite  by  fusing  calcium  phosphate  with  sodium  chloride. 
When  bone  ash  or  marl  was  used  instead  of  the  artificial  calcium  phos- 
phate, a  mixed  apatite  was  formed.  Similar  results  were  reported  by 
Deville  and  Caron,^  who  fused  bone  ash  with  ammonium  chloride 
and  either  calcium  chloride  or  fluoride,  and  also  by  A.  Ditte,*  who 
repeated  Forchhanmier's  experimen t.  By  heating  calciimi  phosphate 
with  calcium  chloride  and  water,  under  pressure,  at  250®,  H.  Debray  • 
prepared  chlorapatite.  E.  Weinschenk  *  also  produced  it  by  heating 
calciimi  chloride,  ammonium  phosphate,  and  ammonium  chloride  at 
temperatures  of  150°  to  180**  in  a  sealed  tube.  F.  K.  Cameron  and 
W.  J.  McCaughey'  prepared  fluorapatite  by  dissolving  calcium 
fluoride  in  fused  disodium  phosphate  and  lixiviating  the  cooled  melt. 
Chlorapatite  was  formed  when  dicalcium  phosphate  was  added  in 
excess  to  molten  calciimi  chloride.  When  precipitated  calcium  phos- 
phate was  used,  chlorspodiosite  was  obtained,  Ca3(P04)a.CaClj. 
R.  Nacken,*  by  fusing  calcium  fluoride  or  chloride  with  calcium  phos- 
phate, obtained  both  species  of  apatite,  and  also  mixed  crystals. 
Apatite  has  been  reported  as  present  in  lead-furnace  slags  by  W.  M. 
Hutchins  ^  and  J.  H.  L.  Vogt.®  The  composition  of  these  dag  prod- 
ucts, however,  seems  not  to  have  been  verified  by  analysis. 

Apatite  is  f oimd  in  all  classes  of  rocks — igneous,  metamorphic,  a^d 
sedimentary.  In  the  eruptives  it  appears  as  one  of  the  oldest  secre- 
tions from  the  magma.  It  is  more  common  in  femic  rocks  than  in 
the  more  siliceous  varieties.  Titaniferous  magnetites,  like  those  of 
Norway  and  the  Adirondacks,  often  contain  apatite  in  large  amounts. 
Apatite  also  appears  as  an  important  vein  mineral;  and  in  these  occur- 
rences Vogt"  regards  it  as  having  been  formed  by  pneimciatolytic 
agencies.  According  to  R.  MuUer,*®  apatite  is  strongly  attacked  by 
waters  containing  carbonic  acid.  Both  lime  and  phosphoric  acid 
pass  into  solution.  A  carbonated  mineral  allied  to  apatite  has 
been  described  by  W.  Tschirwinsky,"  under  the  name  podoUte.  It9 
composition  is  represented  by  the  formula  SCasPaOg.CaCOs,  which  is 
that  of  apatite  with  calcium  fluoride  replaced  by  calciimi  carbonate. 

Monazite. — Monoclinic.  Composition,  normally,  cerium  phosphate, 
CePO^,  but  other  rare-earth  metals  are  always  present,  replacing 

*  Compt.  Rend.,  vol.  47, 1858,  p.  985. 
« Idem,  vol.  94, 1882,  p.  1502. 

» Compt.  Rend.,  vol.  62, 1861,  p.  44. 

*  Zeltschr.  Kryst.  Min.,  vol.  17, 1890,  p.  489. 
»  Jour.  Phys.  Chem.,  vol.  16, 1911,  p.  464. 

•Ccntralbl.  Mln.,  Gool.  u.  Pal.,  1912,  p.  5-15.    SlmOar  results  ^rere  obtained  by  J.  R.  Moorelo  (Chem. 
Abst.,  vol.  9, 1915,  p.  2749;  from  Rev.  gifin.  sd.,  vol.  26, 1915,  p.  394). 
1  Nature,  vol.  36, 1887,  p.  460. 
"  Mineralbildung  in  Schmelzmassen,  p.  263. 

*  See  his  paper  in  Trans.  Am.  Inst.  Mln.  Eng.,  vol.  31, 1901,  p.  134,  and  also  papers  in  Zcitschr.  prakt. 
Oeologie,  1894,  p.  458;  1895,  pp.  367, 444, 465. 

»o  Jahrb.  K.-k.  gcol.  Rcichsanstalt,  vol.  27,  Mln.  pet.  Mitt.,  1877,  p.  25. 

"  Centralbl.  Mln.,  Geol.  u.  Pal.,  1907,  p.  279.   According  to  W.  T.  Schallcr  (Am.  Jour.  Sci.,  4th ser..  vol.  90, 
19ia,  p.  309),  podolite  is  identical  with  dahllite,  which  was  described  much  earlier. 
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cerium.  Molecular  weight,  235.25.  Specific  gravity,  6.  Molecular 
volume,  47.    Color,  yellow,  reddish,  and  brown.    Hardness,  6  to  5.5. 

Xenotime. — ^Tetragonal.  Composition,  yttrium  phosphate,  YtP04. 
Molecular  weight,  189.  Specific  gravity,  4.5.  Molecular  volume,  42. 
Color,  grayish  white,  yellowish,  reddish,  and  commonly  brown. 
Hardness,  4  to  5. 

Both  monazite  and  xenotime  have  been  prepared  artificially  by  F. 
Radominsky,*  who  fused  the  amorphous  phosphates  of  ceriimi  or 
yttritim  with  the  corresponding  chlorides.  This  process,  however, 
sheds  no  light  upon  their  genesis  in  nature. 

According  to  O.  A.  Derby ,^  these  two  species,  although  they  occur 
sparingly,  are  very  conmion  accessory  minerals  in  Brazilian  granites 
and  gneisses.  The  monazite  is  principally  foimd  associated  with 
zircon,  in  residues  from  granite,  syenite,  and  gneiss,  but  not  in  dia- 
base, diorite,  or  minette.  Xenotime  is  a  fairly  constant  accessory  in 
muscovite  granite.  It  was  also  foimd  in  a  biotite  gneiss,  but  was 
absent  from  phonoUtes  and  the  nepheline  or  augite  syenites.  O.  A. 
Derby'  also  reported  a  titaniferous  magnetite  from  Brazil,  which 
contained  monazite,  and  still  another  association  of  monazite  with 
graphite.  On  examining  a  number  of  granites  and  gneisses  from 
New  England,  Derby  *  foimd  several  occurrences  of  monazite,  and 
one  of  xenotime.  W.  Ramsay  and  A.  lUiacus  ^  also  report  the  pres- 
ence of  monazite  in  the  pegmatites  of  Finland.  W.  E.  Hidden* 
foimd  crystals  of  xenotime,  intergrown  "with  zircon,  in  a  decomposing 
granite  in  Henderson  Cbimty,  North  Carolina. 

Although  it  is  an  inconspicuous  mineral  in  rocks,  monazite  some- 
times accumulates  in  large  quantities  in  residual  sands,  which,  as  a 
source  of  the  rare  earths,  have  important  commercial  value.  The 
Brazilian  monazite  sands  are  described  by  E.  Hussak  and  J.  Reitin- 
ger,^  who  give  very  complete  analyses  of  several  samples.  In  North 
Oarolina  ®  the  sands  are  derived  from  gneiss,  and  W.  Lindgren  • 
reports  sands  of  granitic  origin  from  the  Idaho  Basin,  Idaho. 

1  Compt.  Rend.,  vol.  80, 1875,  p.  304. 

«  Am.  Jour.  Sci.,  3d  ser.,  vol.  37, 1889,  p.  109;  vol.  41, 1891,  p.  308. 

» Idem,  4th  ser.,  vol.  13, 1902,  p.  211. 

•  Proc.  Rochester  Acad.  Sci.,  vol.  1, 1891,  p.  198. 

•  Zeitschr.  Kryst.  Min.,  vol.  31, 1899,  p.  317. 

•  Am.  Jour.  Sd.,  3d  ser.,  vol.  36, 1888,  p.  380. 

7  Zeitschr.  Kryst.  Min.,  vol.  37,  1903,  p.  5o0.  Another  memoir  on  the  BrazQion  sands,  by  A.  Lisboa, 
appears  in  Ann.  Escola  de  Minas,  No.  6,  Onro  Preto,  1903. 

•  See  report  on  monazite  by  II.  B.  C.  Nitre,  Sixteenth  Ann.  Rcpt.  U.  S.  Geol.  Survey,  pt.  4, 1895,  p.  667. 
This  memoir  contains  a  valuable  bibliography.  Another  general  paper  upon  monazite,  thorite,  and  zircon, 
by  P.  Tnichot,  may  be  found  in  the  Revue  g^n.  sci.,  vol.  9, 1898,  p.  145,  and,  translated  into  English,  in 
Qiem.  News,  vol.  77,  pp.  135, 145.  On  the  monazite  sands  of  Travancore,  India,  see  G.  II.  Tipper,  Rec. 
Geol.  Survey  India,  vol.  44, 1914,  p.  186. 

•Am.  Jour.  Sd.,  4th  ser.,  vol.  4, 1897,  p.  63.  Also  in  Eighteenth  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3, 
1898,  p.  677.  On  monazite  sand  in  Queensland,  see  Bull.  Imperial  Inst.,  vol.  3, 1905,  p.  333;  and  in  the 
Malay  Peninsula,  idem,  vol.  4, 190G,  p.  301. 
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THE  SILICA  MINERALS. 

Quartz. — ^Rhombohedral.  Composition,  silicon  dioxide,  SiO,.  Mo- 
lecular weight,  60.4.  Specific  gravity,  2.65.  Molecular  volume,  22.8. 
Colorless  when  pure,  but  often  tinted  yellow,  violet,  red,  blue,  green, 
brown,  or  black.     Hardness,  7. 

Tridymite. — Hexagonal.  Composition  like  quartz,  SiO,.  Specific 
gravity,  2.3.  Molecular  volume,  26.3.  Colorless  or  white.  Hard- 
ness, 7.     Melting  point,  1,710°. 

Cristohalite} — Pseudocubic.  Composition  like  quartz,  SiOj.  Molec- 
ular weight,  60.4.  Specific  gravity,  2.348.  Molecular  volume,  25.7. 
Meltmg  point,  1,670°, 

The  fused  silica  forms  a  glass,  which  can  be  worked  into  flasks, 
crucibles,  beakers,  etc.,  for  chemical  uses.  Quartz,  furthermore,  is 
distinctly  volatile  at  high  temperatures,  as  was  shown  in  a  previous 
chapter.' 

Opal, — ^Amorphous  silica,  carrying  a  variable  amount  of  water 
(from  2  to  13  per  cent).  Color,  wliite,  yellow,  red,  brown^  green, 
blue,  or  gray.     Specific  gravity,  1.9  to  2.3.     Hardness,  5.5  to  6.5. 

Free  siUca  occurs  in  nature  in  many  forms,  quartz  and  opal  being 
peculiarly  variable  species.  Chalcedony,  jasper,  agate,  flint,  and 
other  similar  minerals  are  commonly  regarded  as  cryptocrystalline 
quartz  and  often  contain  admixtures  of  amorphous  or  soluble  silica' 
with  other  impurities. 

The  different  modifications  of  silica  are  readily  prepared  by  simple 
laboratory  methods.  When  an  orthosiUcate  is  decomposed  by  a 
strong  acid,  gelatinous  silica  is  formed,  which,  upon  drying,  becomes 
an  amorphous  mass  essentially  identical  with  opal.*  The  siliceous 
sinters  deposited  by  hot  springs  are  aU  classed  as  opal.  At  the  hot 
springs  of  Plombiferes,  in  France,  common  opal  and  hj^alite  have  been 
formed  by  the  action  of  the  waters  upon  an  ancient  Roman  cement.' 
The  precious  opal,  which  fills  seams  and  cavities  in  igneous  rocks, 
such  as  trachyte,  was  probably  formed  by  the  action  of  hot,  magma  tic 
water  upon  the  siUcates,  the  latter  being  first  decomposed  and  the 
liberated  silica  being  deposited  in  the  hydrous  form. 

»  See  G.  vom  Rath,  Neues  Jahrb.,  1887,  Band  1,  p,  198;  E.  Mallard,  Bull.  Soc.  min.,  vol.  13, 1890,  p.  172; 
P.  Gaubert,  idem,  vol.  27,  1904,  p.  242.  The  fusing  temperature  is  given  by  K.  Endell  and  R.  Riekc 
(Zeitschr.  anorg.  Chemie,  vol.  79, 1912,  p.  258)  as  l,685^ 

>  See  also  A.  L.  Day  and  E.  S.  Shepherd  on  quartz  glass,  in  Science,  new  ser.,  vol.  23, 1906,  p.  670.  They 
found  that  quartz  began  to  vaporize  rapidly  at  about  the  temperature  of  melting  platinum—that  is,  be- 
tween 1,700*  and  1,750'. 

s  For  recent  discussions  upon  the  nature  of  chalcedony,  et«.,  see  A.  Michel  L4vy  and  E.  Munier^halmas, 
Bull.  Soc.  min.,  vol.  15, 1892,  p.  159;  and  F.  Wallerant,  idem,  vol.  20, 1897,  p.  52.  The  fibrous  varieties, 
quartzine  and  lutecite,  are  especially  considered.  See  also  n .  Hein,  Neues  Jahrb.,  Beil.  Band,  vol. 25, 1908, 
p.  182,  on  the  relation  of  fibrous  silica  to  quartz  and  opal.  According  to  C.  N.  Fenner  (Jour.  Washington 
Acad.  Sci.,  vol.  2,  p.  476,  1912),  chalcedony  is  probably  a  distinct  form  of  silica.  On  gelatinous  silica  in 
an  ore  body,  see  J.  IT.  Levings,  Trans.  Inst.  Min.  Met.,  vol.  21,  p.  478, 1911-12.  On  the  colors  of  quartz, 
see  T.  L.  Watson  and  R.  E.  Beard,  Proc.  U.  S.  Nat.  Mus.,  vol.  53, 1917,  p.  553. 

*  For  details  concerning  syntheses  of  opal,  see  L.  Bourgeois,  Reproduction  artlficielle  des  min^raox, 
1884,  p.  93. 

^SeeA.  Dauhr^,  Etudes  synth^tiques  de  g^ologie  exp^imentale,  1879,  p.  189. 
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On  tte  artificial  production  of  quartz  and  tridymite  there  have  been 
many  researches.  P.  Schafh&utl  ^  simply  heated  a  solution  of  col- 
loidal silica  in  a  Papin  digester,  and  obtained  a  crystalline  deposit 
of  quartz.  H.  de  Senarmont^  heated  gelatinous  silica  with  water 
and  carbonic  acid,  sometimes  also  with  hydrochloric  acid,  at  tempera- 
tiures  of  from  200®  to  300°,  with  similar  results.  A.  Daubr6e  •  pro- 
duced quartz,  together  with  various  silicates,  by  the  action  of  silicon 
chloride  at  high  temperatures  upon  lime,  magnesia,  glucina,  or  alu- 
mina. He  also  obtained  quartz  by  heating  water  to  a  temperatiure 
below  redness  in  a  sealed  glass  tube;^  and  he  furthermore  observed 
its  deposition  from  the  waters  of  Plombidres.'  To  K.  Chrustscholf  • 
we  are  indebted  for  a  series  of  experiments,  based  fundamentally 
upon  the  original  processes  of  Schafhautl  and  Senarmont.  He 
obtained  quartz  by  heating  an  aqueous  solution  of  colloidal  silica  to 
250®  for  several  months.  In  his  latest  research  he  added  hydro- 
fluoboric  acid  to  his  solution  of  silica  and  varied  the  temperature. 
At  180®  to  228®  he  obtained  regular  crystals,  resembling  the  form 
of  silica  known  as  cristobalite,  at  240®  to  300®  quartz  was  formed, 
and  at  310®  to  360®  tridymite.  C.  Friedel  and  E.  Sarasm^  pro- 
duced quartz  by  heating,  in  a  steel  tube,  caustic  potash,  gelatinous 
silica,  and  amorphous  alumina  nearly  to  redness  during  14  to  38 
hours.  When  the  experiment  was  conducted  at  a  higher  tempera- 
tiure they  obtained  tridymite  and  quartz  side  by  side.  W.  Bruhns,' 
upon  heating  powdered  glass  to  about  300®  imder  pressure,  with  a 
weak  solution  of  ammonium  fluoride,  obtained  quartz;  when  micro- 
cline  was  similarly  heated  with  hydrofluoric  acid  for  53  hours  tridy- 
mite was  formed.  E.  Baur  •  obtained  quartz  and  tridymite  simulta- 
neously, as  did  Friedel  and  Sarasin,  by  heating  a  mixtiure  of  silica, 
sodimn  aluminate,  and  water  for  six  hours  to  520®  in  a  steel  bomb. 
Both  species  and  also  a  soda  feldspar  were  produced  by  J.  Konigs- 
berger  and  W.  J.  MuUer  *^  when  glass  was  heated  to  300®  and  upward 
with  water  alone.  From  the  filtered  and  slowly  cooled  solution 
quartz  and  opal  were  deposited;  the  tridymite  and  feldspar  were 
found  in  the  decomposed  and  undissolved  residue.  Exceptionally 
fine,  doubly  terminated,  and  clear  crystals  of  quartz  were  obtained 

1  Cited  by  L.  Bourgeois,  Reproduction  artiUcielle  des  min^aux,  1884,  p.  80. 
s  Annales  chim.  phys.,  3d  ser.,  vol.  32, 1851,  p.  142. 
»  Compt.  Rend.,  vol.  39, 1S54,  p.  135. 

*  Etudes  synth^tiques  do  g^ologie  expc^rimentale,  1879,  p.  158. 

*  Idem,  p.  175. 

•  Am.  Chemist,  vol.  3, 1873,  p.  281.  Compt.  Rend.,  vol.  104, 1887,  p.  602.  Neues  Jahrb.,  1897,  Band  1,  p. 
340,  Referate. 

»  Bull.  See.  min.,  vol.  2, 1879,  pp.  113,  158. 

•  Neues  Jahrb.,  1889,  Band  2,  p.  G2. 

•Zeitschr.  physikal.  Cheraie,  vol.  42,  1903,  p..572.  Questioned  by  A.  L.  Day  and  E.  S.  Shepherd,  Am. 
Jour.  Sd.,  4th  ser.,  vol.  22, 1906,  p.  276. 

M  Centralbl.  Min.,  Geol.  u.  Pal.,  1006,  pp.  339, 353.  The  authors  discuss  at  length  the  relations  between 
quarts  and  tridymite. 

113750''— 19— Bull  695 23 


854  DATA  OFCffiOOfiEiCIBTBY. 

b}'  E.  T.  Allen  ^  when  a  mixture  of  magnesium  ammenium  chloride, 
sodium  metasilicate,  and  water  was  heated  at  400°  to  450°  during 
three  days  in  a  steel  bomb. 

All  the  forgoing  experiments  relate  to  the  production  of  quartz 
and  tridymite  in  the  wet  way,  but  dry  methods  have  also  been  suc- 
cessfully employed.  B.  S.  Marsden  ^  reports  the  deposition  of  crystal- 
lized sihca  from  solution  in  molten  silver,  but  the  first  definite  work 
upon  this  branch  of  the  subject  is  due  to  G.  Rose.^  He  fused  adularia 
with  microcosmic  salt,  and  amorphous  silica  with  a  deficiency  of 
sodium  carbonate,  with  borax,  and  with  woUastonite,  and  in  each  case 
obtained  tridymite.  He  also  observed  the  transformation  of  quartz 
into  tridymite  by  simple  ignition,  whereas  upon  fusion  it  yielded  only 
a  glass.  K.  Chrustschoff^  by  fusing  a  rock  rich  in  quartz  also 
obtained  tridymite;  and  K.  B.  Schmutz,^  who  melted  together  a 
granite,  sodium  chloride,  and  sodium  tungstate,  found  plagioclase, 
augite,  and  tridymite  in  the  subsequently  cooled  mass.  H.  Schulze 
and  A.  Stelzner  ®  found  tridymite  as  an  accidental  product  in  the 
muffle  of  a  zinc  furnace ;  and  C.  Velain  ^  observed  it  with  anorthite  and 
wollastonite  in  the  glass  formed  by  the  ashes  of  wheat  and  oats  during 
the  combustion  of  a  grain  mill.  It  has  also  been  reported  by  A 
Schwantke  ^  as  produced  by  the  action  of  lightning  upon  a  roofing 
slate.  S.  Meimier  *  fused  silica,  caustic  potash,  and  aluminum 
fluoride  together  and  obtained  tridymite.  P.  HautefeuiUe  '^  heated 
amorphous  silica  with  sodium  or  lithiiun  tungstate  to  760°,  when 
quartz  was  formed;  but  at  temperatures  from  900°  to  1,000°  tridy- 
mite alone  appeared.  F.  Parmentier,'^  repeating  this  experiment  with 
sodiimi  molybdate,  produced  both  quartz  and  tridymite,  and  so,  too, 
did  P.  HautefeuiUe  and  J.  Margottet  ^^  with  Uthium  chloride  as  the 
flux. 

A.  Brun  ^^  has  transformed  quartz  glass  into  crystallized  quartz  by 
heating  it  in  the  vapors  of  alkaline  chlorides  to  a  temperature  between 
700°  and  750°.  Above  800°  and  below  1,000°  tridymite  is  fcwrmed. 
These  experiments  show  that  quartz  may  be  produced  without  the 
intervention  of  water,  but  it  is  not  always  so  formed.     Quartz 

1  Cited  by  Day  and  Shepherd,  op.  clt.,  p.  297. 
»  Proc.  Roy.  Soc.  Kdlnhnrgh,  vol.  11, 1880,  p.  37. 
»  Ber.  Deutsch.  chem.  GeseU. ,  vol.  2, 1889,  p.  388. 
«  Neues  Jahrb.,  18S7,  Band  1,  p.  205. 
f'  Idem,  1897,  Band  2,  p.  147. 
« lioni,  18S1,  Band  1,  p.  145. 
'  Biili.  Soc.  min.,  vol.  1, 1878,  p.  113. 

•  Centrolbl.  Min. ,  Owl.  u.  Pal. ,  1904,  p.  87.    On  tridymite  and  cristobaHte  in  fire-brick,  see  P.  O.  Holm- 
quist,  Geol.  F6r.  Fdrhandl.,  vol.  33,  p.  245, 1911. 
•Compt.  Rend.,  vol.  Ill,  1890,  p.  509. 
w  Bull.  Soc.  rain.,  vol.  1, 1878,  p.  1. 

n  Cited  by  L.  Bourgeois,  Reproduction  artifidelle des  min^raux,  1884,  p.  81. 
»2  Bull.  Soc.  min.,  vol.  4, 1881,  p.  244. 
>*  Arch.  9ci.  phys.  nat.,  4th  ser.,  toI.  25, 190A,  p.  61fl.    See  also  Vo;i^,  Min.  pet.  Mitt.,  toI.  25, 1906,  p.  408. 
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crystals  often  eontain  water  bubbles,  especially  in  pegmatites, 
Rbyolitic  quartz  may  perhaps  conform  to  Brunts  observations. 

In  recent  years  several  investigations  have  been  reported  which 
had  for  their  pmpose  the  determination  of  the  transition  point 
between  quartz  and  tridymite.  C.  Johns  ^  f oimd  that  quartz  sand 
was  transformed  to  tridymite  at  1,500^,  and  suggested  that  the  true 
inversion  temperatm-e  might  be  200°  lower.  P.  D.  Quensel  ^  prepared 
both  minerals,  first  by  heating  a  mixture  of  oligoclase  and  quartz  with 
tungstic  oxide  and  later  from  amorphous  silica  and  the  same  flux. 
According  to  his  data,  quartz  formed  below  1,000°  and  tridymite 
above.  The  figures  obtained  by  A.  L.  Day  and  E.  S.  Shepherd  ^  are, 
however,  much  more  precise.  They  found  that  quartz  is  the  unstable 
form  of  silica  at  all  temperatures  above  800°,  and  will  go  over  into 
tridymite  whenever  the  conditions  are  favorable.  On  the  other  hand, 
when  tridymite  is  fused  with  a  mixture  of  potassium  chloride  and 
lithium  chloride,  quartz  begins  to  appear  at  about  750°.  When 
quartz  glass  was  devitrified  at  1,200°,  or  crystalline  quartz  was  heated 
to  the  same  temperature,  homogeneous  ciistobahte  was  formed. 
According  to  E.  S.  Shepherd,  G.  A.  Kankin,  and  F.  E.  Wright,^  cristo- 
balite  can  be  generated  in  pure  melts  of  silica.  More  recently  also 
in  the  same  geophysical  laboratory,  C.  N.  Fenner  ^  has  studied  the 
stability  relations  of  the  silica  minerals  in  much  greater  detail  and 
reached  the  following  conclusions:  At  870°  ±  10°,  quartz  is  trans- 
formed to  tridymite.  At  1,470°  ±  10°,  tridymite  passes  over  into 
cristobalite.  The  melting  point  of  cristobalitc  is  put  by  Fenner  at 
1,625°,  much  lower  than  the  accepted  figiure;  that  of  quartz  is  at  least 
155°  lower  still. 

It  is  possible  to  go  even  fxu'ther  in  the  use  of  ' 'quartz  as  a  geologic 
thermometer,^'  to  use  the  significant  expression  of  F.  E.  Wright  and 
E.  S.  Larsen.^  Quartz  exists  in  two  modifications,  which  differ  in 
their  optical  properties,  and  which  also  yield  different  etch  figures  on 
treatment  with  cold  hydrofluoric  acid.  One  of  these,  a  quartz, 
exists  only  below  575°;  above  that  temperature  it  passes  into  /3 
quartz,  the  change  being  reversible.  At  ordinary  temperatiures  all 
quartz  is  a  quartz;  but  if  at  any  time  it  has  been  heated  above  575°, 

1  Oeol.  Mag.,  1906,  p.  118. 

^CeDtralbl.  Min.,  Oeol.  u.  Pal.,  1906,  pp.  057,728. 

«  Am.  Joar.  Sci., 4th  ser.,  vol.  22, 1906,  p.  276.  Cf.  also  G.  Stein,  Zeitschr.  anorj:.  Chemie,  vol.  55, 1907, 
p.lJV. 

« Am.  Jour.  Sci.,  Uh  ser.,  vol.  28, 1903,  p.  293.  On  cristobalite, see  II.  Le  Chatelier,  Compt.  Rend.,  vol. 
163, 1916,  p.  948. 

■Idem,  vol.  36, 1913,  p.  331.  See  also  valuable  memoirs  by  K.  Endell  and  R.  Rieke,  Zeitschr.  anorg. 
Chem.,  vol.  79, 1912,  p.  239;  Min.  pet.  Mitt.,  vol.  31, 1912,  p.  501;  A.  Smits  and  K.  Endell,  Zeitschr.  anorg. 
Chom. ,  vol.  80, 1913,  p.  176,  Tho  literature  is  very  voluminous  and  can  only  be  superflplally  treated  here. 
The  several  authors  named  pive  many  bibliographic  references. 

•  Am.  Jour.  Sci. ,  1th  ser. ,  vol.  2S,  1009,  p.  421 .  The  two  modlflcations  of  quarts  were  first  recognized  by 
H.  Le  Chatelier,  Conipt.  Rend. ,  vol.  108, 1889,  p.  1040.  Pee  also  O.  MOgge,  Neucs  Jahrb.,  Festband,  1907, 
p.  181,  and  other  authorities  cited  by  Wright  and  Larsen. 
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the  fact  is  recorded  in  its  structure  as  shown  by  its  etch  figures. 
Quartz,  therefore,  in  any  rock,  must  have  been  formed  below  800^, 
and  its  peculiarities  indicate  whether  it  was  crystallized  below  or 
above  575^.  Vein  quartz  and  the  quartz  of  some  pegmatites,  were 
formed  at  the  lower  range  of  temperature;  granitic  and  porphyry 
quartzes  in  the  higher  portion  of  the  scale.  Like  quartz/ tridymite 
and  cristobalite  exist  each  in  two  modifications,  a  and  j3;  which, 
with  their  transition  temperatures  have  been  studied  by  Fenner  and 
others.  Silica,  then,  is  known  in  at  least  six  forms,  and  possibly  even 
more. 

In  all  probability  quartz,  tridymite,  and  cristobalite,  are  polymeis 
of  the  fundamental  molecule  SiO,.  Tridymite  and  cristobalite  are 
the  lower,  less  complex  polymers,  and  therefore  are  more  stable  at 
high  temperatures.  They  are,  moreover,  less  dense  than  quartz,  and 
quartz  glass,  with  still  lower  density,  probably  approximates  most 
nearly  to  the  simple  molecule  SiO,.  The  true  formula  of  quartz  is 
probably  not  less  than  SiaO,,  and  may  be  much  higher.^  The  syn- 
thetic data  all  bear  out  these  conclusions  and  show  the  difficulty  of 
preparing  pyrogenic  quartz  from  magmatic  mixtures. 

J.  Morozewicz  '  has  shown  that  when  an  artificial  magma,  prefer- 
ably aluminous,  is  supersaturated  with  silica,  the  excess  of  the  latter 
separates  out  on  cooling,  partly  as  tridymite  and  partly  as  a  pris- 
matic modification  which  has  not  been  further  examined.  A  liparite 
magma,  however,  containing  about  1  per  cent  of  tungstio  acid, 
solidifies  as  a  mixture  of  quartz,  sanidine,  and  biotite.  The  function 
of  the  tungstic  acid  seems  to  be  to  liberate  silica  at  the  lower  range 
of  temperatures  through  which  quartz  can  form,  while  at  higher  tem- 
peratures the  reverse  reaction  takes  place  and  silica  is  reabsorbed. 
These  conclusions,  as  stated  by  Morozewicz,  are  drawn  from  his  own 
observations,  in  connection  with  the  experiments  by  Hautefeuille, 
which  have  already  been  cited.  The  formation  of  still  a  third, 
prismatic  modification  of  silica,  was  also  reported  by  Fouqufi  and 
L^vy,^  who  obtained  it  by  fusing  an  excess  of  silica  with  the  elements 
of  augite,  enstatite,  or  hypersthene. 

Next  to  the  feldspars,  quartz  is  the  most  abundant  mineral  in  the 
crust  of  the  earth.  Tridymite  is  rare.  From  a  discussion  of  about 
seven  himdred  analyses  of  igneous  rocks,  in  comparison  with  their 
miner alogical  characteristics,  quartz  appears  to  form  about  12  per 
cent  of  the  entire  lithosphere.*  It  occurs  in  many  forms  and  asso- 
ciations— as  a  primary  mineral,  as  a  secondary  deposition,  as  a 
cementing  substance,  and  as  the  chief  constituent  of  quartzites  and 

»  See  F.  W.  Clarke.  Bull.  U.  S.  Oool.  Survey  No.  588, 1914,  p.  13. 

*  Min.  pet.  Mitt.,  vol.  18, 1896,  pp.  158-166. 

•  Synthtee  des  min^raux  ct  des  roches,  pp.  88, 89. 

«  F.  W.  Clarke,  Bull.  U.  S.  Gool.  Survey  No.  228, 1904,  pp.  19, 20. 
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sandstones;  Porphyritic  quartz  is  found  in  such  eruptives  as  quartz 
porphyry,  rhyolite,  dacite,  etc.  Granitic  quartz,  which  is  massive 
represents  the  youngest  secretion  in  granite,  syenite,  diorite,  etc/ 
and  is  peculiarly  rich  in  liquid  or  gaseous  inclusions.  It  is  the  sur- 
plus of  silica  left  over  after  the  bases  have  been  satisfied,  and,  being 
probably  less  in  amount  than  the  eutectic  ratio  demands,  it  remains 
in  solution  to  near  the  end  of  the  solidifying  process.  We  have 
already  noted  and  criticized  Vogt's  conclusions,^  to  the  effect  that 
micropegmatite  is  a  true  eutectic  mixture  of  feldspar  and  quartz, 
containing  about  25  per  cent  of  the  latter  mineral;  and  the  glass  base 
or  groundmass  of  many  rocks  has  similar  composition.  It  is  easy  to 
understand  from  a  consideration  of  the  synthetic  experiments  why 
silica  should  form  glass  during  the  solidification  of  a  magma,  but 
the  generation  of  quartz  is  a  less  simple  matter.  Lavas  begin  to 
soUdify  at  temperatures  above  the  transition  point  of  quartz,  and 
the  development  of  the  latter  in  such  a  rock  as  rhyoUte  is  probably 
a  result  of  very  slow  cooling,  or  even  supercooling.  That  is,  the 
temperature  of  the  cooling  mass  is  probably  held  for  a  long  time  just 
below  the  transition  point,  so  that  quartz  forms  instead  of  tridymite. 
The  formation  of  quartz,  especially  in  plutonic  rocks,  is  possibly  also 
conditioned  by  pressure,  and  it  is  likely  that  magmatic  water,  by 
reducing  the  temperature  of  fusion,  may  aid  in  its  deposition.  Under 
great  pressiu'e  the  denser  quartz  should  tend  to  form  rather  than 
tridymite.  The  latter  mineral  is  characteristic  of  volcanic  rocks, 
especially  of  rhyoUte,  trachyte,  and  andesite.  The  occurrence  of 
tridymite  in  Mont  Pel6e  has  been  especially  studied  by  A.  Lacroix.* 
Rocks  collected  soon  after  the  eruptions  contained  none  of  this  min- 
eral, which  began  to  appear  about  six  months  later.  Lacroix  there- 
fore regards  tridymite  not  as  an  immediate  crystallization  from  the 
magma,  but  as  having  been  formed,  after  cooling,  by  the  action  of 
magmatic  gases  on  the  andesitic  paste.  In  recent  lavas  quartz 
occurs  but  rarely.  In  some  cases,  however,  quartz  has  been  observed 
in  basalts — that  is,  in  rocks  which  are  capable  of  assimilating,  as  sili- 
cates, more  silica  than  they  contain — but  in  most  instances  this 
quartz  is  regarded  as  foreign  and  representing  accidental  inclusions. 
There  are  quartz  basalts,  however,  in  which  the  quartz  appears  to  be 
an  original  and  early  secretion  from  the  magma,  and  these  examples 
are  not  easy  to  explain.  In  fact,  no  final  explanation  of  them  has 
yet  been   proposed.^     The  dissociation  hypothesis,   offered  in  the 

1  See  p.  1€6. 

» Bull.  Soc.  mln.  vol.  28, 1905,  p.  56.    See  also  Lacroix  on  tridymite  from  Vesuvius,  idem,  vol.  31, 1908, 

p.  323. 

>  See  J.  P.  Iddings,  Bull.  U.  S  Gool.  Survey  No.  66, 1890,  and  Am.  Jour.  Sci.,  3d  ser.,  vol.  36, 1888,  p.  308, 
oaqnarts  basalts  from  New  Mexico;  and  J.  S.  Dillcr,  Bull.  U.  S.  Oeol.  Survey  No.  79, 1891,  on  quartz  basalts 
from  CaMfomiB.    Also  a  note  by  Dillcr,  in  Science,  1st  ser.,  vol.  13,  1889,  p.  232,  on  porphyritic  quartz  in 
ernptiye  rocks.    In  Bull.  No.  79  Dillcr  cites  many  references  to  similar  rocks itoni  oUiW  \ocak>SX\s».  \^^imi^ 
«**«CTWMff  at  some  length  the  possible  origiD  o/  the  quartz  but  reaches  no  ceiXakL  cQn&\\is\cnA. 


358  DATA  OF  G£OCH£MISTBY. 

preceding  chapter  to  account  for  the  coexistence  of  quartz  and 
magnetite,  has  perhaps  the  maximum  of  prohability. 

Secondary  quartz  may  be  produced  by  several  processes.  Certain 
hydrous  silicates,  like  talc  and  pectolite,  are  broken  down  by  mere 
ignition,  with  liberation  of  free  silica.  Possibly  this  fact  may  liave 
some  bearing  upon  the  formation  of  quartz  as  a  contact  mineral. 
Most  silicates  are  decomposable  by  percolating  waters,  and  we  have 
already  seen  that  silica,  in  a  greater  or  less  amoimt,  is  almost  invari- 
ably present  in  springs  and  rivers.  Silica  so  dissolved  is  redepoeited. 
by  evaporation  as  opal,  but  when  alkalies  are  present,  according  to 
G.  Spezia,^  quartz  is  formed.  Spezia  also  observed  that  when  opal 
was  heated  with  a  solution  of  an  alkaline  silicate  it  was  transfonned 
into  an  aggregate  of  quartz  crystals.  At  high  temperatures  a  dilute 
solution  of  sodium  silicate  dissolves  quartz  to  some  extent,  but  the 
latter  is  redeposit^d  at  lower  temperatures.*  A  5  per  cent  solution  of 
borax,  imder  pressure,  and  at  290^  to  315,^  attacks  quartz  strongly, 
but  at  12°  to  16°,  even  under  very  great  pressure,  no  solution  was 
no  ted. ^  These  experiments  by  Spezia  shed  much  light  upon  the 
deposition  of  opal  or  quartz  as  a  cementing  material.  There  is  also  a 
suggestive  experiment  reported  by  Ramsay  and  Himter,^  who  heated 
amorphous  silica  with  water  to  200°  in  a  sealed  tube.  In  two  days 
the  silica  had  caked  together  to  a  granular  mass  of  glass.  The  quartz 
crystals  which  line  cavities  in  chalcedony  or  wood  opal  may  have  been 
formed  by  the  action  of  alkaline  silicates  upon  the  last-named  min- 
eral. Much  has  been  written  upon  the  solubility  of  quartz,  and  the 
corrosion  of  quartz  pebbles  has  repeatedly  been  noted.'  Quartz  may 
be  dissolved  and  replaced  by  pseudomorphs  of  other  minerals,  and 
silicates  are  often  decomposed  by  percolating  waters,  yielding  pseudo- 
morphs of  quartz.  Geological  literature  contains  innumerable 
references  to  replacements  of  this  order. 

THE  FELDSPARS. 

Ortlioclase. — ^Monoclinic.  Composition,  KAlSi^Og.  Molecular 
weight,  279.4.  Specific  gravity,  2.56.  Molecular  volume,  109.1. 
Colorless,  often  reddish  or  yellowish,  sometimes  gray  or  green.  Hard- 
ness, 6  to  6.5. 

1  Jour.  Chem.  Soc.,  vol.  76»  pt.  2, 1599,  p.  800. 
>  Idem,  vol.  78,  pt.  2, 1900,  p.  595. 

s  Idem,  vol.  80,  pt.  2, 1901,  p.  605.    For  Spezia's  original  papers,  of  which  these  notes  arc  abstracts,  sec 
Atti  Accad.  Torino,  vol.  31, 1890,  p.  196;  vol.  83, 1896,  pp.  289,  876;  vol.  35, 1900,  p.  750;  and  vol.  36,  19Q»- 

1901,  p.  031. 

*  Kept.  British  Assoc.  Adv.  8ci.,  1882,  p.  239. 

•  Sec  C.  W.  Hayes,  Bull.  Gool.  Soc.  America,  vol.  8, 1896,  p.  213;  M.  L.  Fuller,  Jour.  Geologj,  voL  10, 

1902,  p.  815;  and  C.  H.  Smyth,  Am.  Jour.  Sci.,  4th  ser.,  vol.  19, 1905,  p.  277.  On  the  chemical  reactivity  ot 
quartz,  duo  to  its  solubility,  see  F.  Rinno,  Centralbl.  Min.,  Gool.  u.  Pal.,  1901,  p.  333.  On  the  solubility 
of  quartz  in  alkaline  solutions,  as  conditioned  by  the  fineness  of  its  subdivision,  see  O.  Lunge  and  C  MiU- 
berg,  Zeitschr.  angew.  Chcmie,  1897,  p.  383.  R.  Schwarz  finds  (Zeitschr.  anocg.  Chcmic,  vol.  76, 1913,  p.  481) 
that  the  throe  silica  minerals  a^  very  different  as  regards  solubility  in  reagents.  Tridymite  and 
tobalite  dissolve  more  easily  and  rapidly  than  quartz,  and  quarts  glass  more  easQy  still. 
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Microdine. — ^Triclimc.  Composition,  specific  gravity,  hardness, 
ecc.,  like  orthoclase. 

.AVnte. — ^Triclinic.  Composition,  NaAlSi^Og.  Molecular  weight, 
263.3.  Specific  gravity,  2.605.  Molecular  volume,  101.1.  Colors  as 
in  orthoclase,  commonly  white.    Hardness,  6  to  6.5. 

Anorthoclase, — ^Triclinic.  Intermediate  in  composition  between 
albite  and  microcline. 

Anorfhite. — ^Triclinic.  Composition,  CaAlaSi^Og.  Molecular  weight, 
279.1.  Specific  gravity,  2.765.  Molecular  volume,  100.9.  Fuses  at 
1,550®.    Color,  white,  grayish,  reddish.    Hardness,  6  to  6.5. 

There  are  several  minor  additions  to  be  made  to  this  list.  A 
monodinic  equivalent  of  albite  appears  to  occur  as  an  admixture  in 
many  examples  of  orthoclase,  and  sometimes  is  in  excess  of  the  potas- 
sium compound.  According  to  P.  Barbier  and  A.  Prost^  this  soda 
orthoclase  is  very  nearly  represented  by  a  supposed  albite  from 
Kragero,  Norway.  Similarly,  sodium  may  replace  calcium  in  anor- 
ihite,  forming  a  triclinic  isomer  of  nephelite,  with  the  foitnula 
Na^Al^Si^Og.  This  compound  has  been  prepared  synthetically,  and 
also  identified  by  H.  S.  Washington  and  F.  E.  Wright^  as  a  constit- 
uent of  a  feldspar  from  the  island  of  Linosa,  east  of  Tunis.  For  the 
sodium  anorthite  itself,  they  propose  the  name  cam^eite,  and  for 
the  mixed  feldspar,  in  which  it  is  associated  with  albite  and  anorthite, 
the  name  anemousito. 

The  mineral  celsian  may  be  a  barium  anorthite,  BaAlaSijOg. 
Hyalophane  is  another  barium  feldspar,  which,  however,  is  mono- 
dinic, and  appears  to  be  a  mixture  of  a  salt  like  celsian  with  ortho- 
dase.    Traces  of  barium  are  often  foimd  in  feldspars. 

Albite  and  anorthite  form  the  extreme  ends  of  a  series  of  minerals 
known  as  the  plagioclase  fddspars.  Several  stages  of  mixture  in  this 
series  have  received  distinctive  names,  as  shown  below.  The  symbols 
Ab  and  An  represent  albite  and  anorthite,  respectively: 

Oligoclase Ab^nj  to  AbjAn,. 

Andefiine Ab^An^  to  Ab,  An,. 

Labradorite AbiAn,  to  Ab^Anj. 

Bytownite AbiAn,  to  AbjAn^. 

These  feldspars  are  generally  regarded  as  isomorphous  mixtures  of 
the  two  end  species;  but  some  authorities  consider  them  as  repre- 
senting definite  compounds,  which,  in  their  turn,  may  commingle 
isomorphously  in  any  proportion.'  The  prevalent  opinion,  however, 
seems  to  be  fully  confirmed  by  the  m(^t  recent  investigations,  es- 
pecially by  those  of  A.  L.  Day  and  his  colleagues,  E.  T.  Allen,  R.  B. 

I  BuD.  Soc.  chim.,  4th  ser.,  vol.  3, 1908,  p.  894.  W.  T.  Schallcr  (Am.  Jour.  Scl.,  4th  ser.,  vol.  30, 1910,  p. 
358)  proposes  to  name  this  soda  orthoclase  barbicritc. 

«  Am.  Jour.  Sci.,  4th  ser.,  vol.  29, 1910,  p.  52.  For  synthetic  data  sec  N.  L.  Bowen,  Am.  Jour.  Sd.,  4th 
ser.,  Td.  33, 1912,  p.  5ol.    Ho  Rives  references  to  earlier  literature.  ^ 

» See,  for  example,  W.  Tarrasscnko,  Zoitschr.  Kryst.  Mia.,  vol.  36,  p.  \82,'Stf)ll. 
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Sosman,  and  N.  L.  Bowen/  whose  determinations  of  melting  points 
form  a  regular  linear  series.  The  latest  figures,  representing  complete 
fusion,  by  Bowen,  are  as  follows: 

MeUing  pointa  of  feldspar. 


•C. 

An 1.550 

AbjAn. 1,521 

Ab,Aii, 1,490 

AbjAn, 1,450 


•0. 

AbjAni 1,394 

Ab,An, 1,362 

Ab4Ani 1,334 

Ab^n, 1,265 


These  figures  give  a  regular  curve,  but  as  the  albite  end  of  the 
series  is  approached  the  mixtures  become  too  viscous  to  admit  of 
good  melting-point  measurements.  It  should  be  noted  that  the 
observations  were  made  upon  artificial  preparations  of  great  purity. 

Of  all  the  feldspars  anorthite  is  the  one  most  easily  made  pyro- 
genically.  In  the  investigation  by  Day  and  Allen  just  cited  it  was 
prepared  without  diflBculty  by  simply  fusing  its  constituent  oxides 
together;  and  this  observation  is  in  accord  with  the  results  obtained 
by  previous  experimenters.  J.  H.  L.  Vogt  ^  observed  its  formation 
in  slags,  and  J.  Morozewicz  *  repeatedly  obtained  feldspars  varying 
from  labradorite  to  nearly  pure  anorthite  in  his  experiments  with 
artificial  magmas.  Fouqu^  and  L6vy  *  obtained  anorthite  directly 
from  its  constituents;  and  S.  Meunier,^  upon  fusing  silica,  lime,  and 
aluminum  fluoride  together,  found  sillimanite,  tridymite,  and  anor- 
thite in  the  resultant  mass.  Anorthite  is  also  formed  bv  the  break- 
ing  down  of  other  more  complex  silicates.  A.  Des  Cloizeaux,*  by  fus- 
ing garnet  and  vesuvianite,  obtained  crystals  which  Fouqufi  and  lAvj 
identified  as  anorthite;  and  similar  results  are  reported,  with  much 
more  detail,  by  C.  Doelter  and  E.  Hussak.^  Doelter®  also  found 
anorthito  among  the  products  formed  by  fusing  epidote,  axinite,  chab- 
azite,  and  scolecite.  Finally,  C.  and  G.  Friedel*  prepared  anorthite 
in  the  wet  way  by  heating  muscovite  with  lime,  calcium  chloride,  and 
a  little  water  to  600*^  in  a  steel  tube.  Feldspars  analogous  to  anor- 
thite, oligoclase,  and  labradorite,  but  containing  strontium,  barium, 
or  lead  in  place  of  calcium,  were  also  obtained  by  Fouqufi  and  L6vy  *• 
when  mixtures  of  silica,  alumina,  sodium  carbonate,  and  the  proper 
monoxide  were  heated  together  to  temperatures  a  Uttle  below  the 
point  of  fusion.     Plagioclase  feldspars  containing  potassium  have 

1  Day  and  Allen,  Am.  Jour.  Sd.,  4th  ser.,  vol.  19, 1905,  p.  93.    Day  and  Sosman,  idem,  vol.  31, 1911,  p. 
341.    Bowcn,  idem,  vol.  35,  1913,  p.  577. 

*  Mineralbildimg  in  Schmelunassen,  p.  181. 
s  Min.  pet.  Mitt.,  vol.  18, 1896,  p.  156. 

*  Synth^  des  min^raux  et  des  roches,  p.  138. 
c  Compt.  Rend.,  vol.  111,1890,  p.  509. 

•  Manuel  de  min^ralogie,  vol.  1, 1862,  pp.  277, 543. 
f  Neues  Jahrb.,  1884,  Band  1,  p.  158. 

■  Idem,  1897,  Band  1,  p.  1;  Allgemeine  und  chcmlsche  Mineralogie,  p.  183. 

•  Compt.  Rend.,  vol.  110, 1890,  p.  1170. 

'^  Syntbdse  des  min4raux  et  des  roches,  p.  145. 


ROCK-FORMING   MINERALS.  861 

been  made  synthetically  by  E.  Dittler.*  A  microcline  from  the 
Dmen  Mountains,  described  by  W.  Vemadsky, '  contained  rubidium 
to  the  extent  of  3.12  per  cent  RbjO. 

All  attempts  to  prepare  the  alkali  feldspars  by  simple  dry  fusion 
have  failed.  Whether  the  constituent  substances  are  taken  or  the 
natural  minerals  themselves  are  fused,  the  product  is  always  a  glass, 
without  any  distinct  evidences  of  crystallization.  Anorthite,  as  we 
have  seen,  crystallizes  easily,  and  the  intermediate  feldspars,  which 
form  without  difficulty  near  the  anorthite  end  of  the  series,  become 
more  and  more  immanageable  as  we  approach  albite.  This  fact  was 
observed  by  Fouqu6  and  L^vy '  and  corroborated  by  Day  and  Alien, 
the  latter  having  also  shown  that  the  viscosity  of  the  alkaline  com- 
pounds impedes  their  crystallization,  at  least  within  any  reasonable 
time  which  can  be  allowed  for  a  laboratory  experiment.  Albite,  how- 
ever, may  be  recrystallized,  as  J.  Lenar6i6  *  has  shown,  when  it  is 
fused  with  half  its  weight  of  magnetite.  The  mixture  forms  a  mobile 
liquid  in  which  crystallization  can  take  place.  Other  substances 
also  render  crystallization  possible.  P.  Hautefeuille  *  heated  an 
alkaline  alumosilicate  of  sodium  to  900^-1,000°  with  tungstic  acid 
and  obtained  albite.  A  similar  experiment  with  a  potassium  alumo- 
silicate yielded  orthoclase,*  and  a  mixture  of  silica,  alumina,  and 
acid  potassium  tungstate  gave  the  same  result.  By  heating  a  potas- 
sium alumosilicate  mixture  with  alkaline  phosphates  to  which  an 
alkaline  fluoride  had  been  added,  Hautefeuille  ^  produced  both  quartz 
and  orthoclase,  and  a  potassium  feldspar  was  also  obtained  by  Doel- 
ter  ■  when  a  mixture  corresponding  to  KAlSi04  was  fused  with  potas- 
sium fluoride  and  silicofluoride.  How  these  extraneous  substances 
act  is  not  clear.  Day  and  Allen,*  repeating  a  part  of  Hautefeuille's 
work,  heated  a  powdered  albite  glass  with  sodium  tungstate  and 
succeeded  in  bringing  about  crystallization.  The  fragments  of  glass, 
however,  became  crystalline  without  change  of  form,  and  their  out- 
lines were  unaltered — that  is,  the  transformation  from  the  vitreous 
to  the  crystalline  modification  took  place  without  solution  of  the 
material.     The  mechanism  of  this  reaction  is  quite  unexplained. 

By  hydrochemical  means  the  alkali  feldspars  are  more  easily  pre- 
pared. C.  Friedel  and  E.  Sarasin  *®  heated  gelatinous  sihca,  precipi- 
tated almnina,  and  caustic  potash  together,  with  a  Uttle  water,  to 
dull  redness  in  a  steel  tube.  Quartz  and  orthoclase  were  produced. 
In  a  later  investigation"  they  heated  a  mixture  having  the  composi- 
tion of  albite,  with  an  excess  of  sodium  silicate,  to  about  500®  and 
obtained  albite.     The  same  process,  essentially,  was  followed  by  K. 

»  MiD.  pet.  Mitt.,  vol.  29, 1910,  p.  273.  » Idem,  vol.  90,  1880,  p.  830. 

i  Bull.  Soc.  min.,  vol.  3C,  1914,  p.  258.  •  Neucs  Jahrb.,  1897,  Band  1,  p.  1. 

•  Synthase  dcs  min^raux  et  des  roches,  pp.  142-145.  •  Am.  Jour.  Sci.,  4th  scr.,  vol.  19. 1905,  p.  117. 
« Centralbl.  Mln.,  Oeol.  u.  Pal.,  1903,  p.  705.  »  Compt.  Rend.,  vol.  92, 18&1,^.  VMK, 

•  Compt.  Rend.,  vol.  84, 1877,  p.  1301.  »  Idem,  vol.  SH , \«s:^>'^.'£K^.  JB 
•Idem,  vol  85,  1877,  p.  952. 
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Chrustschoff/  who  heated  an  aqueous  solution  of  dialyzed  silica  with 
a  little  alumina  and  caustic  potash  to  300°  during  several  months/ 
when  quartz  and  orthoclase  formed.  C.  and  G.  Friedel  *  also  pre- 
pared orthoclase  by  heating  muscovite  with  potassium  siUcate  and 
water  to  500°.  In  a  series  of  experiments  in  which  amorphous  silica 
was  heated  with  potassium  or  sodium  aluminate  and  water  to  520° 
in  a  steel  bomb,  E.  Baur '  determined  the  conditions  under  which 
quartz  alone,  feldspar  alone,  or  both  together,  could  form.  When 
the  sihca  was  in  excess,  quartz  appeared ;  with  siUca  and  the  alumi- 
nate in  nearly  equal  proportions,  both  minerals  crystallized;  when 
the  aluminate  preponderated  in  the  mixture,  only  feldspar  formed. 

The  feldspars  are  by  far  the  most  abundant  of  all  the  minerals  and 
form  nearly  60  per  cent  of  the  material  contained  in  the  igneous 
rocks.^  Among  the  latter  only  the  pyroxenites,  peridotites,  leucitites, 
and  nephelinites  contain  no  feldspars,  or  at  most  contain  them  in 
quite  subordinate  quantities.  The  monoclinic  alkali  feldspars  are 
especially  characteristic  of  the  more  sihceous  plutonic  rocks,  although 
they  also  occur  in  many  eruptives  and  in  metamorphic  schists.  In 
granite,  for  example,  orthoclase,  quartz,  and  muscovite  are  the  con- 
spicuous minerals.  Albite  is  also  foimd  under  similar  conditions. 
In  the  less  sihceous  rocks,  such  as  gabbro  or  basalt,  the  plagioclases 
are  more  abimdant,  and  the  feldspars  approach  anorthite  in  compo- 
sition as  the  proportion  of  sihca  in  a  magma  decreases.  This  state- 
ment, however,  m\ist  be  construed  as  indicating  a  tendency,  not  as 
the  formulation  of  a  distinct  rule.  The  more  sihceous  rocls  contain 
preferably  the  more  sihceous  feldspars,  and  vice  versa.  Anorthite 
has  also  been  repeatedly  observed  in  meteorites,  and  it  is  not  uncom- 
mon as  a  contact  mineral  in  limestones.*  Orthoclase,  probably  of 
aqueous  origin,  sometimes  occurs  as  a  gangue  mineral  in  metalliferous 
fissure  veins." 

The  feldspars,  furthermore,  have  repeatedly  been  foimd  in  sedi- 
mentary hmestones  and  even  in  dolomite.  According  to  R.  A.  Daly,^ 
who  has  summed  up  the  evidence,  albite  and  orthoclase  have  crystal- 
lized in  calcareous  marine  muds  at  temperatures  lower  than  100°,  and 
probably  below  70°.  In  the  dolomite  of  Waterton,  Alberta,  Canada, 
Daly  foimd  34.5  per  cent  of  orthoclase  and  3.1  per  cent  of  albite. 

« Compt.  Rend.,  vol.  104, 1887,  p.  C02. 
t  Idem,  vol.  110, 1890,  p.  1170. 

*  Zcitschr.  physical.  Cbemle,  vol.  42, 1903,  p.  567.  Tho  paper  is  illustrated  by  diagrams  basod  upon  the 
phase  rule. 

«  Sec  F.  W.  Clarke,  Bull.  U.  B.  Geol.  Surrey  No.  419, 1910,  p.  9. 

B  For  example,  crystals  of  anorthite  occur  with  epidote  in  the  limestone  of  Phippsburg,  Maine,  and  also 
with  garnet,  scapolite,  etc.,  at  Baymond,  Maine.  See  Bull,  U.  S.  Geol.  Survey  No.  113, 1893, p.  110,  and 
Bull.  No.  167, 1900,  p.  CO.  C.  H.  Warren  (Am.  Jour.  Sci.,  4th  scr.,  vol.  11, 1901,  p.  369)  describes  crystals 
of  anorthite  from  the  limestone  of  Franklin,  New  Jersey,  near  its  contact  with  granite. 

•  W.  Lindgren  (Am.  Jour.  Sci.,  4th  scr.,  vol.  5, 1898,  p.  418)  has  described  an  occurrence  of  this  kind  near 
Silver  City,  Idaho.    He  gives  a  number  of  roferonoes  to  other  localities . 

'  Proc.  Nat.  Acad.  ScL,  vol.  3, 1917,  p.  659.    Daly  gives  references  to  earlier  literature. 
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The  feldspars  are  all  highly  alterable  minerals,  and  their  alteration 
{»mluct8  are  both  numerous  and  important.  They  are  attacked  by 
water  alone,  more  so  by  water  containing  carbon  dioxide,  and  stUl 
more  vigorously  by  acid  waters,  such  as  issue  from  volcanic  vents  or 
are  formed  by  the  oxidation  of  sulphides.  Alkaline  solutions  also 
exert  a  powerful  decomposing  action  upon  this  group  of  siUcates. 
Among  the  many  experiments  relative  to  this  class  of  reactions  those 
of  A.  Daubr^e  ^  are  perhaps  the  most  classic.  Fragments  of  ortho- 
clase  were  agitated  with  water  alone  by  revolution  in  a  cylinder  of 
iron  during  192  homrs.  From  5  kilograms  of  the  feldspar  12.6  grams 
of  KjO  were  thus  extracted  and  found  in  the  filtered  solution.  To 
water  charged  with  carbon  dioxide  2  kilograms  of  orthoclase,  after 
10  days  of  agitation,  yielded  0.27  gram  of  K^O,  with  0.75  gram  of 
free  silica.  With  alkaline  solutions,  especially  at  elevated  tempera- 
tures and  under  pressure,  the  changes  are  even  more  striking,  as  shown 
by  J.  Lemberg's  investigations.^  Labradorite,  heated  324  hours  to 
215°  with  a  sodium  carbonate  solution,  yielded  cancrinite.  Other 
feldspars,  similarly  treated,  but  with  variations  in  detail,  were  trans- 
formed into  analcite.  With  glasses  formed  by  the  fusion  of  feldspars, 
and  with  potassium  carbonate,  zeolites  of  the  chabazite  and  philhp- 
site  series  were  produced. 

The  end  products  of  the  alteration  of  feldspars  are  commonly 
kaohnite  and  quartz.  Other  hydrous  sihcates  of  alumina  are  probably 
also  formed.  When  the  alkahes  have  not  been  wholly  withdrawn 
muscovite  is  a  common  alteration  product.  Many  of  the  zeohtes  are 
generally  interpreted  as  hydrated  feldspars,  those  which  contain  lime 
having  been  derived  from  plagioclase.  From  anorthite  calcite  may  be 
formed.  Scapohtes,^  epidote,  and  zoisite  are  also  not  uncommon 
derivatives  of  feldspars.  Finally,  by  substitution  of  bases,  one  feld- 
spar may  pass  into  another,  as  in  the  alteration  of  orthoclase  into 
albite.* 

LET7CITE  AND  ANALCITE. 

Ijeudte, — Isometric.  Composition,  KAlSijO^.  Molecular  weight, 
219.  Specific  gravity,  2.5.  Molecular  volume,  87.6.  Color,  white  to 
gray.     Hardness,  5.5  to  6.     Fuses  at  about  1,420^. 

Analcite. — Isometric.  Composition,  NaAlSijOe.HjO.  Molecular 
weight,  220.9.  Specific  gravity,  2.25.  Molecular  voliune,  98.2. 
Colorless  or  white,  sometimes  tinted  by  impurities.^  Hardness,  5 
to  5.5. 

» l^tudcs  synth<5tiqucs  de  g(5ologie  cxp^rimentalc,  1879,  pp.  26S-275. 
«  Zeitscbr.  Dcutsch.  gcol.  Gcscll.,  vol.  39, 1887,  p.  559. 

*  See  J.  W.  Judd,  Mincralop.  Mag.,  vol.  8, 1889,  p,  186,  on  the  alteration  of  plagioclase  into  scapolite. 
«  For  an  example  of  this  kind  sec  F.  A.  Gcnth,  Proc.  Am.  Philos.  Soe,.  vol.  20, 1882,  p.  392. 
»  On  variations  in  the  composition  of  analcite,  see  n.  W.  Foote  and  W.  M.  Bradley,  Am.  Jour.  Sci.,  4th 
ser.,  vol.  33, 1912,  p.  433. 
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Although  leucite  and  analcite  are  widely  separated  in  mineralogical 
classification,  one  being  placed  near  the  feldspars  and  the  other 
among  the  zeolites,  they  belong  chemically  together.  They  are  simi- 
lar in  form  and  in  composition,  and  are  connected  by  so  many  rela- 
tions that  they  can  not  be  adequately  studied  apart.  Analcite,  to  be 
sure,  differs  from  leucite  in  respect  to  hydration,  but  O.  Friedel  ^  has 
shown  that  its  water  is  not  a  part  of  the  essential  crystalline  molecule. 
When  heated  in  sealed  tubes  with  dissociating  ammonium  chloride, 
leucite  and  analcite  both  yield  the  same  ammonium  derivative,' 
NH^AlSijOe.  Furthermore,  as  the  experiments  of  J.  Lemberg'  and 
S.  J.  Thugutt*  have  shown,  the  two  species  are  easily  convertible,  the 
one  into  the  other.  When  leucite  is  heated  to  180^-195®  with  a  solu- 
tion of  sodium  chloride  or  sodium  carbonate,  analcite  is  formed. 
Analcite,  similarly  treated  with  potassium  salts,  is  converted  into 
leucite.  E.  A.  Stephenson^  has  obtained  analcite  by  the  action  of 
solutions  of  sodium  bicarbonate  or  carbonate  upon  adularia  at  tem- 
peratures ranging  from  183*^  to  233*^. 

Leucite  and  analcite  are  easily  prepared  synthetically.  Leucite 
can  be  formed  by  simply  fusing  together  its  constituent  oxides  and 
cooling  the  mass  slowly.  This  process  was  followed  by  Fouqu6  and 
L6vy,*  who  also  formed  leucite,  with  other  minerals,  from  various 
artificial  magmas.^  By  fusion  of  its  constituents  with  potassium  van- 
adate, P.  Hautefeuille^  obtained  measurable  crystals  of  leucite.  The 
same  result  followed  the  fusion  of  muscovite  with  potassium  vanadate. 
Syntheses  of  leucite  by  indirect  methods,  with  the  intervention  of 
fluorides  or  of  silicon  chloride,  have  also  been  effected  by  S.  Meu- 
nier'  and  A.  Duboin.*®  C.  Doelter,**  by  fusing  a  mixture  equivalent 
to  Al203  +  2Si02  with  sodium  fluoride,  prepared  a  soda  leucitOi 
NaAlSijOe. 

When  microchne  and  biotite  are  fused  together,  leucite  appears 
among  the  products;**  and  Doelter"  found  that  it  was  formed  when 
muscovite,  lepidoUte,  or  zinnwaldite  was  fused  alone.  It  was  also 
produced  hydrochemically  by  C.  and  G.  FriedeP*  when  muscovite  was 
heated  to  500^  in  a  steel  tube  with  silica  and  a  solution  of  potassium 
hydroxide. 

1  Bull.  Soc.  min.,  vol.  19, 1896,  p.  363. 

i  F.  W.  Clarke  and  O.  Sleiger,  Bull.  U.  8.  Geol.  Survey  No.  207, 1902. 

*  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  28, 1876,  pp.  537  et  seq. 

*  Mineralcbemische  Studien,  Dorpat,  1901,  pp.  100, 101. 

*  Jour.  Geology,  vol.  24, 1916,  p.  180. 

*  Synth^  des  ixiindraux  et  des  rocbes,  p.  153. 

'  Bull.  Soc.  min.,  vol.  2, 1879,  p.  Ill;  vol.  3, 1880,  p.  118. 

*  Cited  by  L.  Bourgeois,  Reproduction  artiflcielle  des  min^raux,  p.  130. 

*  Compt.  Rend.,  vol.  90, 1880,  p.  1009;  vol.  Ill,  1890,  p.  509. 
w  Idem,  vol.  114, 1«92,  p.  1361. 

u  Neues  Jabrb.,  1897,  Band  1,  p.  1. 

w  Fouqu<^  and  Mvy,  Syntb^se  des  min^raux  et  des  rocbes,  p.  77. 

«»  Loo.  cit. 

"Compt.  Rend.,  vol.  110, 1«90,  p.  1170. 
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The  syntheses  of  analcite  have  all  been  efTected  under  pressure,  and 
in  the  wet  way.  A  de  Schulten*  heated  sodium  siUcate,  caustic  soda, 
and  water,  in  contact  with  aluminous  glass,  at  a  temperature  of  180^ 
to  190°.  He  also  produced  analcite  by  heating  a  solution  of  sodium 
silicate  with  sodium  aluminate,  in  proper  proportions,  to  180°  for 
eighteen  hoiurs.'  C.  Friedel  and  E.  Sarasin*  prepared  analcite  by 
heating  precipitated  aluminum  sihcate  with  sodium  siUcate  and  water 
to  500°  in  a  sealed  tube.  J.  Lemberg*  derived  analcite  from  andesine 
and  oligoclase  by  prolonged  heating  with  sodium  carbonate  solutions 
at  210°  to  220°.  These  transformations  illustrate  the  ready  formation 
of  analcite  as  a  secondary  mineral.  They  are  not,  however,  all  strictly 
similar.  Analcite  derived  from  leucite  can  be  transformed  into  leucite 
again,  as  we  have  already  seen;  but  according  to  S.  J.  Thugutt*  the 
reaction  with  andesine^s  not  reversible.  The  two  alterations,  there- 
fore, are  chemically  unlike.  Analcite  may  also  be  generated  by  alter- 
ation from  elseoUte  and  segirite.*  When  formed  with  other  zeoUtes, 
it  is  the  earliest  one  to  appear. 

Leucite  is  a  mineral  characteristic  of  many  recent  lavas  but  not 
foimd  in  the  abyssal  rocks.  Its  absence  from  the  latter  and  older 
depositions  may  be  due  to  its  easy  alteration  into  other  species;  but 
such  an  explanation  is  of  course  only  tentative.  Its  formation  takes 
place  only  when  the  potassium  of  a  magma  is  in  excess  over  the 
amoimt  required  to  form  feldspars.  When  the  excess  is  small,  leucite 
and  feldspar  may  both  appear;  when  it  is  large  enough,  leucite  alone 
forms.  Comparatively  speaking,  it  is  rather  a  rare  mineral;  a  fact 
which  is  possibly  explained  by  some  observations  of  A.  Lagorio.^  In 
an  artificial  leucite-tephrite  magma,  kept  at  a  red  heat,  the  difficultly 
fusible  leucite  crystallizes  out.  If,  then,  the  temperature  is  raised, 
the  mineral  redissolves;  if  lowered,  the  mass  becomes  so  viscous  that 
the  crystallization  of  leucite  ceases.  In  brief,  the  formation  of  leucite 
seems  to  be  possible  only  through  a  very  narrow  range  of  tempera- 
tures, and  the  favorable  conditions  do  not  often  occur.® 

Analcite  is  most  frequently  found  as  a  secondary  mineral,  the  prod- 
uct of  zeoUtization;  and  until  recent  years  it  was  supposed  to  have 
no  other  origin.  It  was  often  noted  in  eruptive  rocks,  but  it  was 
supposed  to  be  always  a  product  of  alteration.  It  is  now  generally 
recognized,  however,  that  analcite  may  occur  as  an  original  pyrogenic 
mineral;  but,  being  a  hydrated  species,  it  can  so  appear  only  in 
deep-seated  rocks,  where  it  has  been  formed  under  pressure.    W.  Lind- 

»  Compt.  Rend.,  vol.  90, 1880,  p.  1493;  Bull.  Soc.  min.,  vol.  3,  1880,  p.  150. 

s  Idem,  vol.  94, 1882,  p.  96. 

« Idem,  vol.  97, 1883,  p.  290. 

« Zeitschr.  Deutscb.  geol.  Gesell.,  vol.  39, 1887,  p.  559. 

»  Neaes  Jahrb.,  Beil.  Band  9, 1894-95,  p.  604. 

•  See  W.  C.  BrOgger,  Zeitschr.  Kryst.  Min.,  vol.  10, 1890,  pp.  223,  333. 
y  Zeitschr.  Kryst.  Min.,  vol.  24, 1895,  p.  298. 

•  On  the  formation  of  leucite  In  igneous  rocks,  see  H.  S.  Washington,  3out.  0«AQ^7,N^V\b,\^^\V^ 
157^357. 
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gron,*  for  example,  idontified  it  in  the  sodalito  syenite  of  Square 
Butte,  Montana.  In  certain  rocks  analcite  has  probably  been  erro- 
neously identified  as  glass;  for  instance,  in  the  monchiqmtes,  which 
L.  V.  Pirsson  ^  interprets  as  analcite  basalts  equivalent  to  the  similar 
leucite  lavas.  W.  Cross,^  has  described  an  analcite  basalt  from  near 
Pikes  Peak,  Colorado,  and  has  also  identified  primary  analcite  in  the 
phonolites  of  Cripple  Creek.*  The  groundmass  of  a  tingualte  from 
Manchester,  Massachusetts,  according  to  H.  S.  Washington,'  consists 
of  analcite  and  nephcline;  and  J.  W.  Evans  •  has  identified  the  min- 
eral in  a  monchiquite  from  Mount  Gimar,  India.  In  the  last  instance 
some  of  the  analcite  has  been  transformed  into  a  mixture  of  feldspar 
and  nepheline.  The  extreme  case  of  an  analcite  rock,  however,  is 
the  heronite  from  Heron  Bay,  Lake  Superior,  described  by  A*  P. 
Coleman.''  This  is  a  dike  rock  containing  analcite,  plagioclase,  ortho- 
clase,  and  cegirine,  in  which  the  analcite  forms  47  per  cent  of  the  mass. 
In  the  analcite  diabase  described  by  H.  W.  Fairbanks,"  the  analcite 
may  have  been,  derived  from  nepheline.  It  is  partly  replaced  by 
feldspar  and  partly  altered  into  a  mineral  which  may  be  prehnite. 
Analcite  also  alters  into  kaolin.* 

Alterations  of  leucite  into  analcite  have  been  repeatedly  observed, 
as  in  the  Saxon  Wiesenthal  *®  and  in  the  Highwood  Moimtains,  Mon- 
tana.^* The  most  notable  transformation  of  leucite,  however,  is  into 
psoudomorphs  of  mixed  orthoclase  and  nepheline."  The  "pseudo- 
loucito''  crystals  of  Magnet  Cove,  Arkansas,  are  a  mixture  of  this 
kind. 

THE  NEPHELITE  OBOXJP. 

Neptieliie  or  elxoliie, — Hexagonal.  Simplest  empirical  formula, 
NaAlSiO^.  Corresponding  molecular  weight,  142.5.  Specific  grav- 
ity, 2.55  to  2.65.  Molecular  volume,  54.8.  Melting  point,  1,526®, 
Bowen.  Normally  white  or  colorless;  often  tinted  yellow,  gray, 
greenish,  or  reddish  by  impurities.    Hardness,  5.6  to  6. 

1  Am.  Jour.  Sci.,  3d  scr.,  vol.  45, 1893,  p.  286. 
« Jour.  Geology,  vol.  4, 1896,  p.  «79. 
» Idem,  VOL  5, 1897,  p.  684. 

•  Sixteenth  Ami.  Rept.  V.  S.  Cteol.  Survey,  pt.  2, 1895,  p.  38.  ' 
»  Am.  Jour.  Sci.,  4th  ser.,  vol.  6^  1898,  p.  182. 

•  Quart.  Jour.  (teol.  Soc.,  vol.  57, 1901,  p.  38. 
» Jour.  Oeology,  vol.  7, 1899,  p.  431. 

•  BulL  Dept.  Geology  Univ.  California,  vol.  1, 1895,  p.  273.  Bee  also  B.  R.  Young,  Trans.  Edinbutgli 
Geol.  Soc.,  vol.  S,  1903,  p.  326,  on  analcite  diabase  in  Scotland;  C.  W.  Knight,  Canadian  Rec.  Sci.,  voL  9, 
1905,  p.  265,  on  an  analcitc-trachyte  tuff  from  southwestern  Alberta;  and  A.  Pelikan,  lUn.  i)ct.  Mitt.,  toL 
25, 1906,  p.  113,  on  two  analdto  phonolites  from  Bohemia.  Essexltos  and  teschenltes  from  western  Soot* 
land,  rich  in  primary  analcite,  are  described  by  G.  W.  Tyrrell,  Trans.  Geol.  Soc.  Glasgow,  vol.  13, 1900, 
p.  299,  and  Geol.  2k(ag.,  1912,  pp.  66 ,120.  On  analcite  basalts  from  Sardinia,  see  H.  S.  Washington,  BoU. 
Soc.  geol.  ital.,  vol.  33, 1914,  p.  147.  A  still  later  paper  on  primary  analcite,  by  J.  D.  MacKenzie,  is  published 
in  Am.  Jour.  Sci.,  4th  ser.,  vol.  39, 1915,  p.  571,  and  another  by  A.  Scott  in  Trans.  Geol.  Soc.  Glasgow, 
vol.  16,  pt.  1, 1916,  p.  34. 

»  W.  C.  Br6gger,  Zeitschr.  Kryst.  Min.,  vol.  16, 1890,  p.  199. 
10  See  A.  Sauer,  Zeitschr.  Dcutsch.  geol.  Gcscll.,  vol.  37, 1885,  p.  452. 
"  W.  H.  Weed  and  L.  V.  Pirsson,  Am.  Jour.  Sci.,  4th  ser.,  vol.  2, 1896,  p.  315. 

»  See  Sauer,  loc.  dt.;  J.  F.  Williams,  Ann.  Rept.  Geol.  Surv^ey  Arkansas,  1890,  vol.  2,  p.  267;  E.  Husnk, 
-^eaea  Jabrb.,  1890,  pt.  1,  p.  166;  and  E.  Scacchi,  Rendiconti  Accad.  Napoli,  vol.  24,  p.  315. 
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~  RdiopMIike  &r  phacdUe. — Hexagonal.  Composition,  KAlSi04. 
Molecular  weight,  158.6.  Specific  gravity,  2.5  to  2.6.  Molecular 
volume,  6.1.    Colorless.    Hardness,  6. 

Eturyftiie.  —  Hexagonal.  Composition,  LiAlSi04.  Molecular 
weight,  126.5.  Specific  gravity,  2.67.  Molecular  volume,  47.3. 
Colorless  or  white.  Only  known  as  produced  by  the  alteration  of 
spodumene. 

KahophiUte  and  eucryptite  are  rare  minerals,  having  slight  geo- 
logical significance.  They  are  included  here  because  of  the  Ught  they 
shed  upon  the  compodtion  of  nepheUte.  The  formula  given  for 
the  latter  species  is  analogous  to  the  formulsB  of  kaUophiUte  and 
eucryptite,  and  is  also  tbat  of  the  artificial  mineral.  Natural  neph- 
elite  or  elseohte  always  varies  from  the  theoretical  composition,  and 
approximates  more  nearly  the  formula  Na^K^Al^Si^Oj^.  This  varia- 
tion is  probably  due,  first,  to  isomorphous  admixtures  of  kaliophilite, 
and  possibly  also  to  the  presence  of  siUca  or  albite  as  impurities  in 
the  normal  orthosiUcate.  This  supposition  is  put  in  more  definite 
shape  by  H.  W.  Foote  and  W.  M.  Bradley,*  who  regard  natural 
nephelite  as  the  normal  compoimd  with  other  siUcates  or  silica 
present  in  ''soUd  solution."  The  same  hypothesis  may  explain  the 
similar  variations  in  cancrinite,  sodaUte,  and  other  species.  The 
expression  *'soHd  solution,"  however,  should  be  used  with  caution. 
It  probably  confuses  a  number  of  different  phenomena,  to  which 
specific  names  quite  properly  belong.  Isomorphous  mixtures  or 
mix-crystals  are  well  known;  occlusion  describes  another  form  of  im- 
purity; a  soUd  (or  solidified)  solution  Uke  glass  is  not  at  all  the  same 
as  either  of  the  others.  Under  the  name  pseudonephelite  F.  Zam- 
bonini*  has  described  a  normal  isomorphous  mixtiu-e  from  Capo 
di  Bove  having  the  formula  (Na,K)AlSi04.  The  equivalency  of 
nephelite  and  kaliophilite  is  well  shown  by  an  experiment  of  J.  Lem- 
berg.'  He  heated  eleeohte  one  hundred  hours  to  200°  with  a  solution 
of  potassium  silicate,  and  obtained  an  amorphous  product  having 
the  composition  KAlSiO^. 

P.  Hautefeuille  ^  prepared  an  artificial  nepheUte  by  fusing  a  mix- 
ture of  silica  and  sodium  aluminate  with  a  flux  of  Uthiimi  vanadate. 
Fouqufi  and  L6vy  ^  obtained  the  mineral  more  directly  by  fusing  its 
constituents  together,  and  so,  too,  did  C.  Doelter.*'    Doelter's  prepara- 

>  Am.  Jour.  Sci.,  4th  ser^  vol.  31, 1911,  p.  25;  vol.  33,  1912,  p.  439.  Other  recent  diseussioos  of  the  con- 
stttation  of  nephelite  are  by  J.  Morozowlcz,  Bull.  Acad.  Sci.  Cracow,  1007,  p.  9S8;  Silvia  Ililiebrand, 
Sittongsb.  Akad.  Wion,  vol.  119,  pt.  1, 1010;  S.  J.  Thugutt,  Compi.  Rend.  Soc.  Sci.  Warsaw,  1013,  p.  856; 
W.T.8challer,Zeitschr.  Kryst.  Min.,  vol.  50, 1912,  p.  343;  and  N.  L.  Bowen,  Am.  Jour.  Sci.,  4th ser.,  vol.3;;, 
1912,  p.  551.  A  later  paper  by  Bowen,  on  artificial  mixtures  of  nephelite  and  kaliophilite, is  in  Am.  Jour. 
8d.,  4th  ser.,  vol.  43, 1917,  p.  115. 

*  Jour.  Chom.8oc.,  vol.  98,  pt.  2,  1910,  p.  1078.     Abst.  from  Rend.  Accatl.  sci.  fls.  mat.  Napoli,  1910. 
'Zeitachr.  Deutsch.  gool.  (Jewell.,  vol.  37, 1S8.'>,  p.  960. 

^  Cited  by  Fouqu6  and  Levy,  Synthase  dcs  min^caux  et  de^j  rocl)£;:>,  p.  12^5. 

•  Loc.  cit. 

*Zelt3chr.  Kryst.  Min.,  vol.  y,  issi,  p.  321. 
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tion  agreed  closely  with  the  empirical  formula  NaAlSi04.  Accord- 
ing to  Fouqu6  and  L6vy,  nephelite  is  one  of  the  minerab  which  crystal^ 
lize  most  easily  from  fusion.  S.  Meunier^  prepared  nephelite  less 
simply,  hy  fusing  silica,  alumina,  and  soda  with  cryolite;  and  A. 
Duboin'  effected  the  synthesis  of  kaUophihte  when  potassium  fluor- 
ide, alumina,  and  silica  or  potassium  fluosilicate  were  fused  together. 
By  similar  processes  Doelter '  obtained  both  nephelite  and  kaliophi- 
lite.  C.  and  Q.  Friedel  ^  converted  muscovite  into  nephelite  by  beat- 
ing with  solution  of  caustic  soda  to  500^  in  a  steel  tube.  The  pres- 
ence of  nephelite  in  pseudomorphs  after  leucite  was  noted  in  the 
description  of  the  latter  mineral.  An  amorphous  silicate  having  the 
composition  of  nepheUte  was  obtained  by  R.  Hoffmann  ^  when  kaolin 
and  dry  sodium  carbonate  were  heated  together,  and  a  similar  result 
was  reached  by  A.  Gorgeu  •  and  P.  G.  Silber.^  When  Gorgeu  heated 
kaolin  with  potassium  iodide,  a  salt  like  kaliophiUte  was  formed.  In 
these  reactions  the  temperature  was  kept  below  that  at  which  the 
materials  would  sinter  together.  According  to  S.  J.  Thugutt,'  when 
natural  nephelite  is  subjected  to  the  action  of  superheated  water  it 
breaks  up  into  natrolite,  gibbsite,  and  muscovite. 

Nephelite  is  rarely  fotmd  except  in  igneous  rocks.'  The  glassy 
crystallized  variety  f otmd  in  recent  lavas  is  commonly  known  by  the 
first  name  of  the  species ;  the  massive,  opaque,  or  coarsely  crystalline 
mineral  of  the  older  rocks  is  called  elaeolite.  Phonolite,  nephelinite, 
nepheline  basalt,  and  elseolite  syenite  are  among  the  important  rocks 
in  which  nephelite  is  an  essential  species.  Its  presence  indicates  an 
excess  of  soda  in  a  magma  over  the  amotmt  required  to  form  feld- 
spars, and  it  is  one  of  the  latest  minerals  to  be  deposited.^^  In  a 
nepheline  syenite  from  an  island  off  the  coast  of  Guinea,  A.  Lacroix  " 
foxmd  crystals  of  sodium  fluoride,  NaF.  This  new  mineral  species 
he  named  villiaumite. 

Nephelite  and  eljeolite  are  peculiarly  subject  to  alteration.*^  Na- 
trolite, analcite,  hydronephelite,  thomsonite,  sodalite,  muscovite,  and 
kaolin  are  among  the  products  thus  formed.     Eucryptite  also  alters 

'  Compt.  Rend.,  vol.  Ill,  1890,  p.  509. 

« Idem,  vol.  115, 1892,  p.  56. 

>  Neues  Jahrb.,  1897,  Band  1,  p.  1. 

« Compt.  Rend.,  vol.  110, 1890,  p.  1170.  By  tbe  same  process,  tising  caustic  potash  instead  of  soda,  G. 
Friedel  effected  the  synthesis  of  kaliophilite:  Bull.  Soc.  min.,  vol.  :i.%  p.  470,  1912.  Rec^ent  syntheses  of 
nephelite,  kaliophilite,  and  eucryptite  by  direct  fusion  are  described  by  A.  S.  Ginsburg,  Zeitscbr.  anorg. 
Chemie,  vol.  73, 1912,  p.  277. 

»  Liebig's  Annalen,  vol.  194, 1878,  p.  5. 

•  Annales  chim.  phys.,  6th  ser.,  vol.  10, 1887,  p.  145. 

'  Ber.  Deatsch.  chem.  Gesell.,  vol.  14, 1881,  p.  941. 

» Jour.  Chem.  Soc.,  vol.  114,  pt.  2, 1918,  p.  449.    Abstract. 

«  Nephelite  is  reported  by  Max  Bauer  (Neues  Jahrb.,  1896,  Band  1,  p.  85;  1897,  Band  1,  p.  258)  in  certain 
crystalline  schists,  and  also  associated  with  chlorite  in  jadeite. 

M  See  the  exi>eriments  of  J.  Mcn-ozewicz,  Min.  pet.  Mitt.,  vol.  18, 1898,  pp.  1, 105.  Comparealso  J.  Lenai^K, 
Centralbl.  Min.,  Oeol.  u.  Pal.,  1903,  pp.  705,  743. 

»  Compt.  Rend.,  vol.  146, 1908,  p.  213. 

i*8ee  W.  C.  Brdgger,  Zeitschr.  Kryst.  Min.,  vol.  16, 1890,  pp.  223  et  seq. 
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into  muscovito.*  This  indicates  that  the  simplest  empirical  for- 
mulae of  the  nephelit-e  minerals  should  be  tripled,  for  the  formula  of 
muscovite  is  Al3(Si04)3KH2. 

THE  CANCRINITE-SODALITE   OBOXJP. 

Cancrinite. — Hexagonal.  Composition  uncertain,  but  probably 
best  represented  by  the  formula  Al3Na4HCSi30i5.  Corresponding 
molecular  weight,  511.5.  Specific  gravity,  2.4.  Molecular  volume, 
213.  Color  commonly  yellow,  but  also  white,  gray,  greenish,  bluish, 
or  reddish.     Hardness,  5  to  6. 

Sodalite? — Isometric.  Composition  normally  Al3Na4Si30i2Cl,  but 
variable.  Molecular  weight,  486.  Specific  gravity,  2.2.  Molecular 
volume,  221.  Color,  white,  gray,  greenish,  yellowish,  reddish,  very 
oft«n  bright  blue.     Hardness,  5.5  to  6. 

Hauynite. — Isometric.  Composition,  Al3Na3CaSSi80ie,  but  vary- 
ing in  the  relative  proportions  of  Na  and  Ca.  Molecular  weight, 
563.6.  Specific  gravity,  2.4  to  2.5.  Molecular  volume,  230.  Color, 
blue,  green,  red,  or  yellow.     Hardness,  5.5  to  6. 

Noselite  or  nosean. — Isometric.  Composition  hke  hauynite,  but 
without  calcium,  AlaNagSSigOi^,.  Molecular  weight,  569.5.  Specific 
gravity,  2.25  to  2.4.  Molecular  volume,  242.  Color,  gray,  bluish,  or 
brownish.     Hardness,  5.5. 

Chemically,  these  four  minerals,  together  with  lapis  lazuli  and  the 
rarer  microsommite,  are  to  be  classed  as  derivatives  of  nephelite, 
with  which  they  are  commonly  associated.  Their  exact  composition 
is  still  somewhat  uncertain.  The  formula  assigned  to  cancrinite  is 
that  developed  by  F.  W.  Clarke;^  the  three  isometric  species  are 
written  as  interpreted  by  W.  C.  Brogger  and  H.  Backstrom,*  who 
have  shown  their  relationship  to  the  garnet  group.  Under  sodalite, 
however,  more  than  one  compound  may  be  included,  as  the  experi- 
ments of  J.  Lemberg  ^  and  S.  J.  Thugutt  ®  seem  to  indicate.  The  two 
last-named  authorities  regard  these  minerals  as  double  molecular 
compounds  of  a  silicate  hke  nephehte  with  sodium  carbonate,  chlo- 
ride, sulphate,  etc.  In  support  of  this  view  Thugutt  prepared  a  large 
number  of  artificial  compounds  in  which  the  sodium  chloride  of  soda- 
lite  was  replaced  by  other  salts;  but  the  new  substances  differed  from 

1  S«e  0.  J.  Brush  and  K.  S.  Dana,  Am,  Joiir.  Sci.,  3d  ser.,  vol.  20, 1880,  p.  266. 

» A  variety  of  sodality  containing  some  sulphur  has  been  n?med  hackmannite  by  L.  H.  Borgstrdm, 
Zdtschr.  Kryst.  Min.,  vol.37, 1903, p. 2M.  A  sodalite  from  Monte  Somma  containing  molybdenum  is 
descril)ed  by  F.  Zarabonini,  Mineraloj^ia  Vesuviana,  p.  214,  under  the  name  molybdosodallte.  A  sulphatic 
cancrinite  from  Colorado  has  been  described  by  E.  S.  Larsen  and  G.  Steiger,  Am.  Jour.  Sci.,  4th  ser.,  voL 
42, 1917,  p.  332. 

•  Bull.  U.  S.  Geol.  Survey  No.  588, 1914,  p.  27. 
<  Zdtschr.  Kryst.  \fin.,  vol.  18, 1891,  p.  209. 

»  Zeitschr.  Detitsch.  geol.  r.esell.,  vol.  37, 1885,  p.  969. 

•  Mineralchemische  Studien,  Dorpat,  1891. 

lISTrK)**— H^-Hull.  G95 24 
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the  natural  minerals  in  containing  water  of  crystallization/  A  dis- 
cussion of  these  salts,  however,  would  lead  us  too  far  afield. 

An  artificial  cancrinite  was  obtained  by  Lemberg  '  when  alumina, 
sodium  siUcate,  and  sodium  carbonate  solution  were  heated  together 
under  pressure;  and  also  by  the  action  of  sodium  carbonate,  fused  in 
its  water  of  crystallization,  upon  elaK)hte.'  Labradorite,  heated  to 
215°  with  sodium  carbonate  solution,  also  gare  him  cancrinite.*  C. 
and  G.  Friedel  *  prepared  a  hydrous  cancrinite  by  heating  muscovite 
to  500°  in  a  solution  of  sodium  carbonate  and  caustic  soda.  With 
sodium  sulphate  in  place  ot  the  carbonate,  a  hydrous  noselito  was 
formed."  The  same  authors  obtained  sodalite  by  treating  muscovite 
at  500°  with  sodium  chlcmde  and  caustic  soda.^  Lemberg  •  produced 
sodalite  by  fusing  nepheKte  with  conunon  salt;  and  the  fusion  of 
elspolite  or  sodalite  with  sodium  sulphate  gave  noselite.'  In  short, 
the  experiments  of  Lemberg,  which  were  very  numerous,  proved 
that  compounds  of  this  class  could  be  derived,  by  simple  reactions, 
from  nephelite,  and  that  they  are  mutually  convertible,  one  into 
another.  Furthermore,  S.  J.  Thugutt  '•  prepared  sodalite  by  heating 
natrolite  with  soda  solution  and  aluminum  chloride  to  195**  und^ 
pressure;  and  also  from  similar  treatment  of  kaohn  with  common 
salt  and  caustic  soda  at  about  212°."  Sodalite,  then,  has  been 
derived  by  artificial  means  from  elieolite,  muscovite,  and  kaolin. 
It  was  also  obtained  by  Z.  Weyb'erg  *^  w^hen  a  mixtm-e  of  silica, 
alumina,  and  soda  was  fused  with  a  large  excess  of  common  salt. 

In  his  work  uj>on  artificial  magmas,  J.  Morozewicz"  prepared 
noseUte,  hauynite,  and  sodalite  by  purely  pyrochemical  methods, 
equivalent  to  those  which  produce  these  minerals  in  volcanic  rocks. 
The  fusions  were  effected  at  temperatures  not  exceeding  600°  to 
700°,  for  compounds  of  this  class  are  decomfKysed  by  an  excessive 
heat.  From  a  mixture  of  kaolin,  sodium  carbonate,  and  sodium 
sulphate,  noselite  crystals  were  formed.  From  a  more  complex 
mixture,  containing  also  calcium  silicate,  potassium  silicate,  iron 
silicate,  calcium  carbonate,  and  calcium  sulphate,  hauynite  was 
produced.     Kaolin  fused  with  sodimn  carbonate  and  sodium  chloride 

1 A  "chromate  sodalite/'  containing  NasCrO*,  has  lately  been  descril>ed  l>y  Z.  Weyl>erg.  Centra&bl.  Ifin. 
Geol.  a.  Pal. ,  1904,  p.  727.    It  differsf rom  the  h7th:Bted  eompotmd  prepared  by  Thagntt. 
>  Zeitschr.  Dcntsch.  geol.  OeseU.,  vol.  35, 1888,  p.  508. 
« Idem,  vol.  37, 1887,  p.  963. 

*  Idem,  vol .  39, 1 887,  p .  55^.    For  a  reoent  discussion  oi  the  oonsUtutiou  ot  cancrinite  see  Thugatt,  Neues 
Jahrb.,  1911,  Band  1, p.  25. 

6  Bull.  Soc.y  min.  voL  14, 1891,  p.  71. 
« Idem,  vol.  13, 1880,  p.  238. 

7  Compt.  Rend.,  vol.  110^  1890,  p.  1170. 

*  Zeitschr.  Deutscb.  geol.  GeseU.,  vol.  28, 1876,  p.  602. 

*  Idem,  vol.  35, 1883,  p.  690. 

»«  Xcucs  Jahrb.,  Beil.  Band  9, 18W-95,  p.  576. 
1^  Mineralchemiscbe  Studien,  p.  18. 
»« Ccntralbl.  Min.,  Geol.  u.  Pal.,  1906,  p.  717. 
i>  Min.  pet.  Mitt.,  vol.  18, 1898,  pp.  128-147. 
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gare  a  compound  having  the  formula  aheady  assigned  to  sodahte; 
elseoUtOy  similarly  treated,  yielded  a  substance  richer  in  chlorine. 
Morossewicz  concludes  that  two  kinds  of  sodality  exist;  to  one  he 
gives  the  formula  2 (Na^jSiaOg) -I- NaCl,  while  the  other  agiees  wth 
3(Na^^iA)-f2NaCl. 

Cancrinite  occurs  only  in  elseohte  syenite  and  allied  rocks,  closely 
associated  with  nephehte  and  sodahte.  W.  Ramsay  and  E.  T. 
Nyholm  *  have  described  a  cancrinite  syenite  in  which  cancrinite  is 
an  important  primary  mineral.  Cancrinite  altei-s  into  a  zeoUtic 
substance,  "spreustein/'  in  which  natrohte  is  the  predominating 
mineral.  *  Crystallized  sodahte  is  also  found  in  trachyte  and  phono- 
htes,  in  which  it  separates  after  augite.^  Sodahte  alt^i-s  into  hydro- 
nephelite  and  natrohte.  Haiiynite  and  noselite  form  in  various 
leucitic  and  nephilinic  rocks  among  the  younger  eruptives.  In  order 
of  deposition  they  are  the  oldest  of  the  feldspathoids. 

THE  PYBOXENES. 

Enstatite. — Orthorhombic.  Composition,  MgSiOs,  but  generally 
with  admixtures  of  FeSiO,.  When  10  to  12  per  cent  of  the  latter 
salt  is  present  the  mineral  is  known  as  bronzite.  Minimum  molec- 
ular weight,  100.8.  Specific  gravity,  3.1.  Molecular  volume,  32.6. 
Color  ranging  from  white  to  olive  green  and  brown.     Hardness,  6.6. 

Hypersikene, — Orthorhombic.  Composition  like  enstatite,  but 
with  FeSiO,  predominating.  The  molecular  weight  of  the  latter 
compound  is  132.3.  Color,  greenish  and  brownish  to  black.  Specific 
gravity,  3.4  to  3.5.     Hardness,  5  to  6. 

Enstatite  and  hypersthene,  the  orthorhombic  members  of  the 
pyroxene  group,  are  to  be  regarded  as  mixtures  of  the  two  isomor- 
phous  salts  MgSiOg  and  FeSiO,.  Hypersthene  is  also  modified  in 
many  cases  by  the  presence  of  a  third  salt,  CaSiO^,  but  in  very 
subordinate  quantities.  The  enstatite  of  the  Bishopville  meteorite 
consists  of  the  magnesian  silicate  very  nearly  pure.  The  formulae 
given  above  are  minima,  the  actual  formulae  being  multiples  of  them, 
at  least  double,  possibly  more. 

The  first  synthesis  of  supposed  enstatite  was  made  by  J.  J.  Ebel- 
men,*  who  fused  sihca,  magnesia,  and  boric,  oxide  together. 
A.  Daubr6e  ^  obtained  it  repeatedly  in  his  attempts  to  reproduce  the 
characteristics  of  meteorites,  when  meteoric  stones  and  magnesian 

eruptive  rocks  were  fused.     ^'Enstatite''  recrystallized  on  coohng 

I       ■  ^  — 

I  Bull.  Comm.  geol.  Finland,  vol.  1, 1895,  No.  1.    See  also  I.  (I.  Sundell,  idem,  1905.  No.  10. 

«  See  W.  C.  Brogger,  Zeitschr.  Kryst.  Mln.,  vol.  IG,  1890^ p.  240;  oXso  L.  Saemaan  and  F.  Tisani,  Annalea 
chim.  phys.,  3d  ser.,  vol.  07, 1863,  p.  350. 

»  On  sodalite  syenite  from  Square  Butte.  Montana,  see  W.  Lindgren.  Am.  Jour.  Sci.,  3d  ser.,  vol.  45,  1S93, 
p.  286.  A  sodalite  trachyte  from  Teneritfe  has  been  described  by  H.  Prelswerk,  Ct-ntralbl,  Min.,  Geol.  u. 
Pal.,  1909,  p.  393. 

«  Annale8  chim.  phys.,  3d  ser.,  vol.  33, 1851,  p.  58. 

»  Compt.  Rend.,  vol.  02,  1800,  pp.  200,  309,  000. 
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the  melts.  He  also  prepared  the  same  substance  by  fusing  olivine 
with  silica,  and  be  found  that  when  serpentine  was  melted  it  broke 
down  into  a  mixture  of  enstatite  and  olivine.  The  latter  reaction 
has  been  verified  quantitatively  in  the  laboratory  of  the  United 
States  Geological  Survey.  P.  Hautef euille  *  produced  a  silicate 
which  he  identified  with  enstatite,  by  dissolving  amorphous  silica  in 
molten  magnesium  chloride,  and  S".  Meunier  *  efl^ected  its  synthesis 
by  acting  on  metallic  magnesium  with  silicon  chloride  and  water 
vapor. 

Later  investigations,  however,  by  F.  Fouqu6  and  A.  Michel 
L6vy,^  and  also  by  J.  H.  L.  Vogt,*  have  shown  that  the  forgoing 
syntheses  were  misinterpreted.  The  product  obtained  was  in  most 
cases,  if  not  in  all,  a  monoclinic  magnesium  metasilicate,  instead  of 
the  orthorhombic  enstatite.  The  latter  form  was  obtained  by 
Fouqu6  and  L6vy  *  by  simply  fusing  silica,  magnesia,  and  ferric 
oxide  together,  but  it  was  more  or  less  mixed  with  the  monoclinic 
variety. 

In  the  elaborate  res^earch  by  E.  T.  Allen,  F.  E.  Wright,  and  J.  K. 
Clement,^  it  has  been  found  that  magnesiimi  metasilicate  exists  in 
four  modifications,  two  being  pyroxenes  and  two  amphiboles.  The 
monoclinic  pyroxene  is  formed  whenever  a  melt  having  its  composi- 
tion is  allowed  to  crystallize  at  temperatures  a  little  below  1,521®. 
It  can  be  crystallized  at  lower  temperatures  from  solution  in  molten 
calcium  vanadate,  magnesium  vanadate,  or  magnesium  tellurite. 
The  other  three  modifications  of  the  silicate  pass  into  this  variety 
when  heated  to  about  1,000°  in  molten  magnesium  chloride  trav- 
ersed by  a  stream  of  dry  hydrochloric  acid  gas.  The  monoclinic 
pyroxene,  then,  is  the  most  stable  form  of  magnesimn  metasilicate. 
According  to  N.  L.  Bowen  and  O.  Andersen,^  it  has  no  true  melting 
point  but  breaks  down  at  1,557°  into  forsterite  and  silica. 

When  a  glass  having  the  composition  of  enstatite  is  devitrified  by 
heating  to  a  temperature  above  1,000°  and  below  1,100°,  best  at 
about  1,075°,  the  orthorhombic  enstatite  is  formed.  In  this  way 
good  crystals  were  produced.  At  slightly  higher  temperatures  the 
monoclinic  pyroxene  begins  to  appear.  The  presence  of  enstatite 
hi  an  igneous  rock  is  evidence  that  the  final  crystallization  took  place 
at  the  relatively  lower  temperatures,  for  above  them  it  can  not  exist. 
What  the  effect  of  iron  may  be  in  modifying  the  properties  of  these 
silicates  is  as  yet  undetermined. 

»  Annales  chim.  phys.,  4th  ser.,  vol.  4, 1805,  p.  174. 

«  Compt.  Rend.,  vol.  90, 1880,  p.  349;  vol.  93, 1881,  p.  737. 

'  Syntbtee  des  min^raux  et  des  roches,  1882. 

•  Mineralbildung  in  Scbmelzmassen,  1892,  p.  71. 

•  Loc.  dt. 

•  Am.  Jour.  Sd.,  4th  ser.,  vol.  22, 1906,  p.  385. 
'  Idem,  vol.  37, 1914,  p.  487. 


HOCK-FORMING   MINERALS.  373 

Enstatito  and  hyperstheiie  are  common  pyrogenic  minerals,  and 
occur  in  many  eruptive  rocks.  Enstatite  and  bronzite  are  often  con- 
stituents of  meteorites.  According  to  J.  Morozewicz  *  the  ortho- 
rhombic  pyroxenes  separate  from  metasilicate  magmas  when  the 
ratio  Mg  +  Fe  :Ca  is  3  :  1  or  greater.  Both  species  undergo  altera- 
tion, through  hydration,  into  talc*  and  serpentine.  Bastite  is  an 
alteration  product  of  this  kind,  having  the  composition  of  serpentine. 

Wolktsionite, — ^Monoclinic.  Composition,  CaSiO,.  Minimmn  mo- 
lecular weight,  116.5.  Specific  gravity,  2.85.  Molecular  volume, 
40.5.     Color,  white,  often  tinted  by  impurity.     Hardness,  4.5  to  6. 

Calcium  metasilicate  is  known  in  two  modifications — the  natural 
woUastonite  and  an  artificial  pseudohexagonal  form.  The  latter  is 
easily  produced  by  fusing  lime  and  silica  together '  and  has  been 
repeatedly  observed  in  slags.*  WoUastonite  has  also  been  found  in 
slags,  but  rarely.^  E.  Hussak,®  however,  by  fusing  and  slowly  cool- 
ing a  glass  containing  silica,  soda,  lime,  and  boric  acid,  obtained 
crystals  of  woUastonite.  C.  Doelter '  also  eflfected  the  synthesis  of 
woUastonite  by  fusing  calcium  metasilicate  with  sodium  fluoride. 

According  to  E.  T.  Allen  and  W.  P.  White,*  woUastonite  is  stable 
only  below  1,190°,  and  above  that  temperature  it  passes  into  the 
pseudohexagonal  modification.  By  heating  a  glass  of  the  composi- 
tion CaSiOg  to  between  800°  and  1,000°,  pure  woUastonite  was 
obtained.  The  reverse  change,  from  the  pseudo  variety  to  the 
normal,  w^as  brought  about  by  dissolving  the  former  in  molten  cal- 
ciirni  vanadate  and  crj^stallizing  at  a  temperature  between  800°  and 
900°.     The  melting  point  of  the  silicate  is  1,540°. 

The  pseudowoUastonite  has  not  yet  been  observed  as  a  natural 
mineral,  but  woUastonite  is  common.  The  inference  from  this  fact, 
as  drawn  by  G.  F.  Becker ,•  is  that  the  rocks  containing  free  calcium 
metasilicate  must  have  crystallized  at  temperatures  below  the  inver- 
sion point  of  woUastonite,  for  otherwise  its  isomer  would  have 
appeared. 

Although  woUastonite  is  usually  classed  with  the  pyroxenes,  its 
place  among  them  is  doubtful.  It  differs  from  them  in  being  easUy 
decomposed  by  acids,  and  its  occurrences  in  nature  are  not  the  same. 
It  is  very  rare  in  eruptive  rocks,  and  is  commonly  found  as  a  product 


»  Min.  pet.  Mitt.,  vol.  IS,  1S9S,  p.  110. 

»  Sec  C.  H.  Smyth,  School  of  Mines  Quart.,  vol.  17,  im\  p.  333. 

«  See  L.  Bourgeois,  BuU.  Soc.  min.,  vol.  5, 1882,  p.  13;  A.  Gorgeii,  idem,  vol.  10,  isg7,  p.  273;  and  C.  DoeJ- 
Icr,  Xeuc3  Jahrb.,  1SS6,  Band  1,  p.  119. 
<  See  J.  H.  L.  Vogt,  MincralWldung  in  Schmelzmassen,  1S92,  pp.  34-80. 
»  See  Vogt,  loc.  cit.,  and  P.  Heberdey,  Zeitschr.  Kryst.  Min.,  vol.  26, 1896,  p.  22. 

•  Zeitschr.  Kryst.  Min.,  vol.  17,  1890,  p.  101. 

»  Min.  pet.  Mitt.,  vol.  10,  1888,  p.  S3.  For  later  work  by  Docltor,  sec  Sitzung.sb.  K.  Akad.  Wiss.  A  Tien, 
vol.  120,  Abth.  1,  p.  339,  1911. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  21,  1906,  p.  89.  See  also  A.  L.  Day,  E.  S.  Shepherd,  and  F.  E.  Wright, 
idem,  vol.  22,  p.  2r>5.  The  synthetic  woUastonite  reported  by  L.  v.  Sr.atlimAry  (F91dt.  K5zl.,  vol.  39, 1909, 
p.  314)  was  the  pscudomineral.    See  B.  Mauritz,  idem,  p.  505.  ,^^ 

•  Frebitory  note  to  the  memoir  by  Allen  and  White.  ^^^ 
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of  contact  metam(Mrphism,  especially  in  limetstones.  It  occurs  also  in 
feldspathic  schistt;}.  H.  Wulf  ^  has  describeil  a  rock  from  Uereroland, 
Africa,  which  consisted  of  w<dlastonite  and  diopside  in  nearly  equal 
proportions.  An  occurrence  of  woUastonite  in  aplite  is  recorded 
by  A.  Lacroix.^  The  alteration  of  w(^lastonite  to  ordinary  pyroxene 
is  reported  by  C.  H.  Smyth,^  and  an  alteration  to  apophyllite  by 
S.  J.  Thugutt.^  The  secondary  mineral  pectolite,  HNaCa,Si,(\9  is 
regarded  as  a  derivative  of  woUastonite. 

Diopside. — ^Monoclinic.  Composition,  CaMgSijO,.  Molecular  weight, 
217.3.  Specific  gravity,  3.2.  Molecular  volume,  68.  Color,  white, 
yellowish,  green,  and  nearly  black.  Hardness,  5  to  6.  Chrome  diop- 
side is  a  variety  containing  small  amounts  of  chromium. 

Hedenberffite. — ^Monoclinic.  Composition,  CaFeSijO,.  Molecular 
weight,  248.8.  Specific  gravity,  3.5  to  3.6.  Molecular  volume,  70. 
Color,  grayish  green  to  black.     Hardness,  5  to  6. 

Between  diopside  and  hedenbergite  there  are  various  intermediate 
mixtures.  Schefferite  is  another  monoclinic  pyroxene  containing 
manganese,  up  to  over  8  per  cent  of  MnO.  Jeffersonite  is  another 
member  of  this  group  containing  zinc.  These  variations  may  repre- 
sent mixtures  of  the  simple  salts  MnSiOa  and  ZnSiO,  with  the  lime, 
magnesia,  and  iron  silicates;  but  the  commingled  salts  are  probably 
more  complex.  Rhodonite,  MnSiO,,  is  classed  also  as  a  pyroxene, 
but  is  triclinic.  It  can  hardly  be  considered  as  a  rock-forming 
mineral,  at  least  not  in  the  usual  acceptance  of  the  term. 

Monoclinic  pyroxenes  of  the  diopside-hedenbergite  type  have  been 
repeatedly  observed  in  slags.'*  A.  Daubr6e,®  on  heating  water  to 
incipient  redness  in  a  glass  tube,  obtained  crystals  of  diopside.  G. 
Lechartier '  effected  the  synthesis  of  these  pyroxenes  by  fusing  silica, 
lime,  and  magnesia  with  an  excess  of  calcium  chloride.  When  ferric 
oxide  was  added  to  the  mixture,  iron  pyroxenes  were  formed.  In 
the  experiments  of  J.  Morozewicz  *  with  artificial  magmas  these  min- 
erals were  deposited  when  the  ratio  Mg  +  Fe  :  Ca  was  less  than  3:1. 
Clear  and  perfect  crystals  of  diopside  have  been  prepared  by  E.  T. 
Allen  and  W.  P.  White,®  who  heated  glass  of  the  theoretical  composi- 
tion in  a  flux  of  calcium  cliloride  and  an  atmosphere  of  hydrochloric 
acid  to  1,000^  for  several  weeks.     The  specific  gravity  of  the  artificial 

I  Mm.  pet.  Mitt.,  vol.  8, 1887,  p.  230. 

«  Bull.  Soc.  min.,  vol.  21,  p.  272,  1898. 

s  Am.  Jour.  Sci.,  4th  ser.,  vol.  4, 1897,  p.  309. 

f  Centralbl.  Min.,  Gcol.  u.  Pal.,  1911,  p.  764. 

*Se6  citations  in  L.  Bourgeois,  Reproduction  artifloielle  des  min^raux,pp.  115-116:  and  Fouqu^  and 
li^vy,  Synthtee  des  miu^raux  et  des  roches,  pp.  102-103.  Also  G.  J.  Brush,  Am.  Jour.  Sci.,  2d  ser.,  xol. 
89, 1865,  p.  131. 

•  Etudes  synth^tiques  de  gtologie  exp^rimentale,  pp.  159-176. 

'  Compt.  Rend.,  vol.  67, 1868,  p.  41.    Compare  A.  Qorgeu,  Bull.  Soc.  min.,  vol.  10, 1887,  pp.  273, 27». 

•  Min.  pet.  Mitt.,  vol.  18, 1898,  pp.  123  et  seq.  See  also  J.  H.  L.  Vogt,  Die  Silikatschraetelfisungen,  pi. 
1, 1903,  pp.  28-49. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  27, 1909,  p.  1. 
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mineral  was  3.275  and  the  melting  point  1,380°.  They  found  that 
diopside  is  the  only  stable  compound  between  its  component  siUcates^ 
although  two  eutectics  were  observed. 

The  monoclinic  pyroxenes  are  common  in  eruptive  rocks  and  the 
crystalline  schists.  The  variety  known  as  diallage  is  especially 
characteristic  of  gabbro.  They  also  occur  as  secondary  minerals. 
R.  Brauns  *  has  observed  the  variety  saUt^^  as  formed  in  a  picrite  by 
the  action  of  aqueous  solutions  upon  olivine  and  plagioclase. 

Acmite  or  seffirite, — ^Monochnic.  Normally  NaFe'^'SijO,,  but  often 
containing  ferrous  and  lime  silicates  in  isomorphous  admixture. 
Molecular  weight,  231.7.  Specific  gravity,  3.53.  Molecular  volume, 
65.6.     Color,  brownish,  greenish,  to  black.     Hardness,  6  to  6.5. 

Jadeiie. — ^MonocUnic.  Composition,  NaAlSisO^j.  Molecular  weight, 
202.9.  Specific  gravity,  3.34.  Molecular  volume,  60.8.  Color,  white 
and  various  shades  of  green.     Hardness,  6.5  to  7. 

Spodumene, — ^Monoclinic.  Composition,  liAlSijOe.  Molecular 
weight,  186.9.  Specific  gravity,  3.17.  Molecular,  volume,  58.9. 
Color,  white,  yellow,  green,  and  amethystine.  Hardness,  6.5  to  7. 
Hiddenite  is  the  emerald-green  gem  spodumene  from  North  Carolina. 
Kunzite  is  the  amethystine  gem  variety  from  CaUfornia. 

These  alkaU  pyroxenes,  as  they  are  often  called,  are  interesting  on 
accoimt  of  their  constitutional  similarity.  Acmite,  however,  is  the 
most  important  as  a  rock-forming  mineral,  although  in  the  inter- 
pretation of  mixed  pyroxenes  the  jadeite  molecule  must  often  be 
taken  into  account.  SpodumeAe  occurs  only  sporadically — usually, 
if  not  always,  in  pegmatite — and  is  peculiarly  noticeable  on  account 
of  the  immense  size  which  its  crystals  may  attain.  Cr3rstaUine  faces 
of  spodumene  many  feet  in  length  have  been  observed  in  the  Black 
Hills  of  South  Dakota.  The  alteration  of  spodumene,  as  studied  by 
A.  A.  Julien,^  and  more  exhaustivelv  bv  G.  J.  Brush  and  E.  S.  Dana,^ 
is  very  instructive.  First,  by  the  action  of  percolating  solutions  con- 
taining soda,  it  is  transformed  into  a  mixture  of  eucryptite,  LiAlSiO^, 
and  albite,  NaiilSijO,.  Then,  by  the  further  action  of  potassium 
salts,  the  eucryptite  is  altered  into  muscovite,  KHjAljSijO,,.  Albite 
and  muscovite  are  the  final  products  of  these  metamorphoses.  The 
intimate  mixture  of  these  two  compounds  was  long  thought  to  be  a 
distinct  mineral,  cvmatolite. 

Acmite  can  be  produced  synthetically,  but  its  constituent  oxides, 
when  fused  together,  commonly  yield  only  a  glass  containing  crystals 
of  magnetite.  Acmite,  when  fused,  resolidifies  as  a  mixture  of  mag- 
netite and  glass.*     C.  Doelter,^  however,  from  the  fusion  of  an  arti- 

1  Neues  Jahrb. .  lb9.H,  Band  2,  p.  79. 

-  Annals  New  York  Acad.  Sci.,  vol.  1,  lS7d,  p.  31Hj 

3  Am.  Jour.  Sci., 3d  ser.,  vol.20, 15W0,  p. 257. 

*  M.  Vu6nik,  Centralbl.  Min.,  Geol.  u.  Pal.,  1904,  p.  3(i9. 

»  Neues  Jahrb.,  1897,  Band  1,  p.  IG. 
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ficial  mixture  of  the  oxides,  obtained  some  acmite.  H.  B&ckstrom  * 
fused  silica,  ferric  oxide,  and  sodium  carbonate,  mingled  in  the 
proper  proportions,  together  and  held  the  solidified  niixture  at  a  dull 
red  heat  for  three  days.  Under  those  conditions  acmite  was  formed. 
He  also  obtained  it  by  fusing  a  leucite  phonolite  and  subjecting  the 
glass  to  a  similar,  very  slow  devitrification.  Z.  Weyberg  '  also  ob- 
tained acmite  by  fusing  a  mixture  of  the  composition  2SiO,  +Fe203  + 
Na,0  with  a  large  excess  of  sodium  chloride.  According  to  J.  Moro- 
zewicz,'  the  acmito-jadeite  compounds  form  in  metasilicate  magmas 
when  the  silica  amounts  to  less  than  50  per  cent.  The  exact  condi- 
tions of  their  generation,  however,  with  ro.^pect  to  temperature  and 
rate  of  cooling,  are  yet  to  be  determined. 

Several  attempts  have  been  made  toward  the  synthesis  of  spodu- 
mene.  By  fusing  together  lithium  carbonate,  alumina  and  silica  R. 
Ball6  and  E.  Dittler  *  obtained  several  silicates,  one  having  the  com- 
position of  spodumene,  and  another  that  of  eucryptite.  The  artificial 
spodumene,  however,  differs  from  the  natural  mineral  in  its  optical 
properties,  and  is  designated  /3  spodumene.  The  natural,  a  mineral 
is  transformed  at  about  1,000®  into  the  other,  which  melts  at  1,380**. 
Similar  results  have  since  been  obtained  by  F.  M.  Jaeger  and  A.  Simek,* 
who  found  the  transition  temperature  from  a  to  P  spodumene  to  be 
995"",  and  the  melting  point  1,417°.  Natural  kunzite  fused  at  1,428^ 
and  the  artificial  orthosilicate,  ^^pseudoeucryptite'^  at  1,388°. 

Acmite  is  a  mineral  of  eruptive  rocks,  generally  of  those  which 
contain  leucite  or  nepheUte.  It  is  especially  common  in  elaeolite 
syenite.  Concerning  the  petrologic  relations  of  jadeite  less  is  known; 
but  S.  Franchi  *  has  identified  the  mineral  as  an  essential  constituent 
of  certain  eruptive  rocks  in  Piedmont.  Acmito  or  jegirite,  according 
to  W.  C.  Brogger,'  alters  into  analcite.  J.  Lemberg,*  by  heating 
spodumene  or  jadeite  with  alkaline  solutions  under  pressure,  also 
obtained  analcite.  Jadeite  alone  is  slowly  attacked,  but  the  glass 
resulting  from  its  fusion  is  altered  readily.  It  is  noticeable  that 
jadeite  and  dehydrated  analcite  have  the  same  empirical  composition; 
but  the  denser  jadeite  molecule  is  doubtless  the  more  complex. 
The  one  is  a  polymer  of  the  other.  These  alterations,  natural  or 
artificial,  emphasize  the  constitutional  similarity  of  the  three  alkali 
pyroxenes. 

>  Bull.  Soc.  min.,  vol.  16, 1893,  p.  130. 

«  Ccntralbl.  Min.,  Oeol.  u.  Pal.,  1905,  p.  717. 

>  Mln.  pet.  BCitt.,  vol.  18, 1898,  p.  123. 

*  Zeitschr.  anorg.  Chemie,  vol.  76, 1912,  p.  39. 

« AI>9t.  In  Chem.  Zentralbl.,  1914,  ii,  pp.  1026, 1027.  See  also  K.  Endell  and  R.  Rleke,  Zeitschr.  anorg. 
Chemie,  vol.  74,  1912,  p.  33;  who  give  950*  as  the  melting  point  of  natural  spodumene.  For  an  earlier 
research  on  the  lithium-aluminum  silicates  see  P.  Hautefeuille,  Compt.  Rend.,  vol.  90, 1880,  p.  541. 

*  Rendiconti  R.  accad.  Lincei,  vol.  9,  pt.  1, 1900,  p.  349.  On  the  jadeite  of  Upper  Burma,  see  A.  W.  O. 
Bleeck,  Zeitschr.  prakt.  Geologie,  1907,  p.  341. 

'  Zeitschr.  Kryst.  iCn.,  vol.  16, 1890,  p.  333.    BrOgger  cites  many  references  to  thelitereture  of  acmite. 

*  Zeitschr.  Deutsch.  geoJ.  Gesell.,  vol.  39, 1887,  p.  584. 
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AuffUe. — ^Monoclinic.  Composition  very  variable,  for  augite  is  an 
isomorphous  mixture  of  several  different  silicates.  Specific  gravity j 
2.93  to  3.49,  Color,  white,  green,  brown,  and  black.  Hardness,  5 
to  6, 

Augite  is  essentially  a  metasilicate  of  lime,  magnesia,  and  ferrous 
iron,  plus  silicates  of  ferric  iron  and  alumina.  Manganese  and 
alkalies  are  often  present,  and  some  varieties  contain  titanic  oxide 
up  to  4.5  per  cent.  In  addition  to  silicate  molecules  analogous  to 
those  of  the  pyroxenes  already  described,  augito  is  supposed  to  con- 
tain a  compound  of  the  form  R"Al2SiOc,  which,  however,  is  hypo- 
thetical. The  rare  mineral  komerupine  or  prismatine,  however,  has 
the  formula  MgAljSiOc,  and  may  represent  the  aluminous  constit- 
uent of  the  nonalkaline  augites.*  When  alkahes  are  present  they 
probably  represent  molecules  analogous  to  or  identical  with  acmite 
and  jadeite. 

The  following  analyses  of  rock-forming  augite  ^  were  aU  made  in 
the  laboratory  of  the  United  States  Geological  Survey: 

A.  From  nepheline  basalt,  Black  Mountain,  Uvalde  quadrangle,  Texas.    W.  F.  Hillebrand,  analyst. 

B.  From  dolerite,near  Valmont,  Colorado.    Analyzed  by  L.  G.  Eakins. 

C.  From  tinguaite,  Two  Buttcs,  Colorado.    Analyzed  by  Hillebrand. 

D.  From  granite,  Silver  Clifif ,  Colorado.    Eakins,  analyst . 

E.  From  a  dyke,  Silver  Clifl.    Ealcins,  analyst. 

F.  From  basalt,  Mount  Taylor  region,  New  Mexico.    Analyzed  by  T.  M.  Chatard. 
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Augite  is  a  common  mineral  in  slags,^  and  is  easily  produced  from 
its  constituents  by  simple  fusion.^  It  was  repeatedly  obtained  by 
Fouqu6  and  Low,"*  both  by  itself  and  in  association  with  other  min- 

I  A  more  complex  formula,  Nr*U3Mc6Ali:J5k7r>^c,  has  1>ern  assigned  to  kornenipine  >)y  J.  Uhlig,  Zeitschr. 
Kryst.  Min.,  vol.  47, 1910,  p.  215. 
s  From  Bull.  U.  S.  C.eol.  Survey  No.  419, 1910,  pp.  262, 2<i3. 

•  Se«  J.  H.  L.  Vogt,  Mineral!. ildung  in  Schmelimassen ,  p.  34. 

«  For  early  syiithe«;es,  see  Fouqu6  and  L^vy ,  Synth^.se  des  min«^raux  et  de.s  roches,  p.  102. 

•  Op.cit.,pp.60,07, 105. 
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erals,  in  their  classic  experiments  upon  the  syntiiesis  of  rocks.  J. 
Morozewicz  ^  also  has  found  both  ordinary  augite  and  the  alkaline 
varieties  in  the  products  yielded  by  his  artificial  magmas.  The  mole- 
cule RAljSiO^  is  generally  formed  from  magmas  containing  over  50 
per  cent  of  sihca;  and  its  alumina  appears  to  be  the  residue  left  over 
after  the  feldspars,  feldspathoids,  and  micas  have  been  satisfied. 

When  garnet,  vesuvianite,  or  epidote  is  fused  augitic  minerals 
appear  among  the  compounds  produced.^  Biotite  and  clinochlore 
also  yield  it  among  the  products  of  their  thermal  decomposition.^ 
C.  Doelter  *  found  that  augite  was  formed  when  diopside  was  fused 
with  alumina  or  ferric  oxide;  and  from  mixtures  of  sihca  with  the 
proper  bases  he  obtained  crystals  rich  in  RAlaSiOa.  According  to 
J.  Lenar^i^*,*  magnetite  and  labradorite,  fused  together,  yield  augite. 
So,  too,  does  hedenbergite  when  fused  with  anorthite,  albite,*  or 
corundum.^ 

Several  other  minerals  in  addition  to  those  already  named  are 
classed  as  pyroxenes,  but  they  are  too  rare  to  need  more  than  a  pass- 
ing mention  here.  The  so-<*alled  zircon  pyroxenes,  rosenbuschite, 
l&venito,  wohlerite,  and  hiortdalihte  are  found  m  the  elaeoUte  syenites 
of  Norway.  The  triclinic  babmgtonite  is  interesting,  for  it  contains, 
in  addition  to  the  molecular  t3rpes  found  in  the  other  pyroxenes^  the 
ferric  sihcate  FcgSijOg.  It  has  been  found  not  only  as  a  natural 
mineral,  but  also  as  a  furnace  product  in  slag.** 

Augite,  among  the  pyrogenic  minerals,  is  to  be  classed  as  one  of 
the  older  secretions.  It  is  common  in  igneous  rocks  of  nearly  all 
classes,  and  the  pyroxenes  in  general  are  the  most  important  of  the 
so-called  ferromagnesian  minerals.  Some  rocks,  the  p\TOxenites,  con- 
sist of  pyroxenes  almost  entirely:  websterite,  for  instance,  is  formed 
of  bronate  and  diopside.  The  most  striking  alteration  of  pyroxene 
is  into  hornblende,  but  it  also  alters  into  tremohte,**  cldorite,  serpen- 
tine, talc,  mica,  garnet,  epidote,  and  glauconite.  The  pyroxenes, 
furthermore,  occur  as  important  secondary  minerals,  sometimes  as 
the  product  of  contact  metamorphism  in  Hmestones,  sometimes  as 
marginal  zones  derived  from  ohvine.^"  Diallage  and  hypersthene 
rocks  alter  into  amphibohtes." 


1  mn.  pet.  Mitt.,  vol.  18, 1898,  pp.  107, 113, 120, 123, 124. 

2  C.  Doelter,  Allgemeine  chemische  Mlneralogie,  pp.  182, 183. 
'  Doelter,  Neues  Jahrb.,  1897,  Band  1,  p.  1. 

4  Idem,  1884,  Band  2,  p.  51. 

»  Centralbl.  Min.,  Oeol.  u.  Pal.,  1908,  pp.  706, 743. 

«  M.  Vudnik,  Centralbl.  Min.,  Geol.  u.  Pal.,  1904,  pp.  300^  842. 

'  B.  Viikits,  idem,  1901,  p.  705. 

8  See  L.  Buchrucker,  Zeitaclir.  Kryst.  Min.,  vol.  18, 1801,  p.  026. 

»  See  II.  Ries,  Annals  New  York  Acad.  Sd.,  vol.  9,  1806-97,  p.  124,  In  an  important  memoir  upon  tlie 
pyroxenes  of  New  York. 

«"  See  r,.  H.  Williams,  Am.  Jour.  Sci.,  3d  ser.,  vol.  31, 1886,  p.  35,  and  F.  D.  Adams,  Am.  Naturalist,  voL 
19,  is*<5,  p.  1087,    AA'illiams  gives  a  number  of  references  to  alterations  of  this  kind. 
"  Williams,  Am.  Jour.  Sci.,  3d  ser.,  vol.  28, 1884,  p.  258. 
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Note. — For  theoretical  discussiona  upon  the  constitution  of  the  pyroxenes  see  G. 
Tsehermaky  Jahrh.  K.-k.  geol.  Roichsanstalt,  vol.  21,  1871,  Min.  pet.  Mitt.,  p.  17* 
C.  Doelter,  Min.  pet.  Mitt.,  vol.  2,  1879,  p.  193.  F.  W.  Clarke,  Bull.  U.  S.  Geol. 
Survey  No.  668,  1914.  J.  W.  Retg^ers,  Zeitschr.  physikal.  Chemie,  vol.  16,  1805, 
p.  ei4.  P.  MAnn,  Nenes  Jahrb.,  1884,  Band  2,  p.  172.  A.  Merian,  idem,  Beil.  Band  S* 
1884,  p.  262.    The  literature  upon  this  subject  is  ver>-  voluminous. 

THE   AMPHIBOLES. 

AnthophyUiU, — Orthorhombic.  Composition  Kke  enstatite  or 
bronzite  (Mg,Fe)Si03,  with  the  magnesium  silicate  predominating. 
Specific  gravity,  3  to  3.2.  Color,  gray,  brown,  green,  and  intermedi- 
ate shades.  Hardness,  5.5  to  6.  Gedrite  is  a  variety  containing  usn- 
aHy  more  iron  and  much  alumina.  As  an  amphibole,  anthophyllite 
corresponds  to  hypersthene  among  the  p\TOxenes.* 

Tremolite. — Monochnic.  Composition,  CaMgjSi  jO^^,  Molecular 
weight,  370.1.  Specific  gravity,  2.9  to  3.1.  Molecular  volume,  123. 
Color,  white  to  gray.     Hardness,  5  to  6. 

Actinolite. — Like  tremolite,  but  with  iron  partly  replacing  mag- 
nesium. Specific  gravity,  3  to  3.2.  Nephrite  is  a  compact  variety  of 
actinohte.  True  asbestos  is  a  fibrous  form  of  tremohte  or  aetinolite; 
but  anthophyUite  and  crocidohte  are  also  found  asbestifonn.  The 
Canadian  asbestos  of  commerce  is  serpentine.^ 

Oummingtonite, — MonocUnic,  but  nsnth  the  composition  of  an 
anthophylUte  containing  much  iron.  S|>ecific  gravity,  3.1  to  3.3. 
Color,  gray  to  brown. 

Tlie  foregoing  members  of  the  amphibole  group,  except  the  alumi- 
nous gedrite,  are  most  simply  interpreted,  like  the  corresponding 
pyroxenes,  as  mLxtures  of  metasiHcates  of  calcium,  magnesium,  and 
iron.  Grtincrite  is  the  ferrous  siUcate,  FoSiOg,  alone.^  Dunnemorite 
is  a  similar  iron-manganese  metasilicate.  In  richterite,  which  has  a 
similar  general  formula,  alkalies  appear,  up  to  9  per  cent  or  more. 
Many  analyses  of  these  minerals  show  the  presence  of  water  in  them, 
and  also  of  fluorine. 

AnthophyUite  and  gedrite  are  essentially  Aichean  minerals,  occur- 
ring especially  in  hornblende  gneisses  and  schists.  Tremolite  is  found 
as  an  accessory  mineral  in  metamorphic  Umestones  and  dolomites. 
Aetinolite  is  also  a  mineral  of  the  metamorphic  rocks.  In  th^ 
iron  regions  near  Lake  Superior  actinoUte-magnetite  schists  are 
common.* 


»  An  iron  anthophyllite,  FcSiOj,  associated  with  the  fayaUte  of  Rockport,  Massachusetts,  lias  beea 
described  by  C.  H.  Warrpn,  Am.  Joiir.  Sci.,  4th  ser.,  vol.  16,  190:},  p.  337. 
«Sce  O.  P.  Merrill,  Proc.  U.  S.  Nat.  Mus.,  vol.  IS,  1»*96,  p.  2^1,  for  a  good  summary  of  our  knowledge  of 

asbestos. 

«  A.  C.  Lane  and  F.  F.  Sharpless  (Am.  Jour.  Sci.,  3d  ser.,  vol.  42,  1«91,  p.  5a'))  have  applied  the  name 
grfincritc  to  a  fcrromagnesian  amphibole  like  cummingtonite. 

«  See  W.  S.  Bayley,  Am.  Jour.  Sci.,  3d  ser.,  vol.  46,  lft93,  p.  I7«>.  Also  C.  R.  Van  Hise,  C.  K.  Leilh,  and 
Others, in  Mon.  U.  S.  Geol.  Sur\ey,  vol.  28, 1897;  vol.  43, 1903. 
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Anthophyllite,  trcmolite,  and  actinolite  alter  easily  into  talc,  ser- 
pentine, and  calcite.  The  reverse  alteration,  of  talc  into  anthophyl- 
lite, has  been  reported  by  Genth.*  UraUte,  which  has  ordinarily  the 
composition  of  actinolite,  is  an  amphibole  derived  by  alteration  from 
similarly  constituted  pyroxenes.* 

Hornblende. — Monochnic.  Composition  variable,  as  with  augitOi 
of  which  hornblende  is  the  equivalent  among  the  amphiboles.  Horn- 
blende, however,  contains  a  smaller  proportion  of  lime  and  more 
magnolia  plus  iron  than  augite.  It  also  contains  alimiinous  silicates. 
The  light-colored  hornblende,  with  little  iron,  is  called  edenite.  The 
darker  varieties  are  known  as  pargasite.  Specific  gravity,  3.0  to  3.47, 
depending  upon  the  proportion  of  iron.  Color,  white,  gray,  green, 
and  brown,  ranging  to  black.     Hardness,  5  to  6. 

The  subjoined  analyses  of  hornblende  are  given  in  the  memoir  by 
S.  L.  Penfield  and  F.  C.  Stanley.'  They  show  the  variability  in  com- 
position of  the  mineral,  and  also  the  predominance  of  magnesium  and 
iron  over  calcium,  the  reverse  condition  from  that  noted  in  augite. 

Analyses  of  honihlaidc . 

A.  From  Renfrew,  Ontario.    Stanley,  analyst. 

B.  From  Eden ville,  New  York.    Stanley,  analyst. 

C.  From  Cornwall,  New  York.    J.  L.  Nelson,  analyst.    Am.  Jour.  Sci.,  4th  ser.,  vol.  15, 1903,  p.  227. 
Fluorine  determination  added  to  Nelson's  analysis  by  Stanley. 

D.  From  Monte  Somma,  Italy.    Stanley,  analyst. 

E.  Basaltic  hornblende,  Bilin,  Bohemia.    Stanley,  analyst. 

F.  From  Orenville  Township,  Quebec.    Stanley,  analyst. 
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The  synthesis  of  hornblende  was  first  effected  by  K.  Chrustschoff.* 
lie  heated  a  solution  containing  dialyzed  silica,  alumma,  and  ferric 

>  Proc.  Am.  Philos.  Soc.,  vol.  20, 1SS2,  p.  393. 

2  On  the  theory  of  uralltization  see  L.  Diiparc  and  T.  Hornung,  Compt.  Rend.,  vol.  139,  1901,  p.  223. 
See  also  Duparc,  Bull.  Soc.  min.,  vol.  31, 1906,  p.  50. 
»  Am.  Jour.  Sci.,  4th  scr.,  vol.  23, 1907,  p.  23. 
*  Compt.  Rend.,  vol.  112, 1881,  p.  677. 
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hydroxide  with  some  ferrous  hydroxide,  magnesium  hydroxide,  and 
limewater  for  three  months  to  550°  in  a  closed  digester  and  obtained 
crystals  of  amphibole.  C.  Doelter,*  by  using  fluxes  of  low  melting 
pointy  also  succeeded  in  producing  the  mineral.  A  mixture  of  mag- 
nesia, oxide  of  iron,  alumina,  and  silica,  fused  with  boric  acid,  gave 
the  desired  result.  He  also  succeeded  in  recrystallizing  amphiboles 
from  a  flux  of  borax  or  from  one  of  magnesium  chloride  and  calcium 
chloride;  but  in  most  of  his  experiments  augite,  sometimes  with 
oUvine,  scapolite,  magnetite,  anorthite,  or  orthoclase,  was  produced. 
E.  T.  Allen,  F.  E.  Wright,  and  J.  K.  Clement,^  in  the  research  already 
cited  under  pyroxene,  foimd  that  when  magnesium  metasilicate  was 
heated  considerably  above  its  melting  point  and  then  rapidly  cooled 
the  orthorhombic  amphibole  was  formed.  With  slow  cooling  pyrox- 
enes are  produced.  By  heating  the  orthorhombic  amphibole  with 
water  at  375°  to  475°  it  was  transformed  into  the  monoclinic  modi- 
fication. The  latter  was  also  obtained  when  solutions  of  magnesium 
ammonium  chloride  or  of  magnesium  chloride  and  sodium  bicarbon- 
ate were  heated  with  sodium  silicate  or  amorphous  silica  during 
three  to  six  days  at  375°  to  475°  in  a  steel  bomb.  Small  quantities 
of  quartz  and  of  forsterite  were  formed  at  the  same  time. 

According  to  A.  Becker,^  when  anthophyllite  or  hornblende  -is 
fused,  a  pyroxene,  sometimes  with  olivine,  is  formed.  According  to 
A.  Lacroix,*  alterations,  due  to  heat  alone  or  to  the  action  of  molten 
magmas,  of  hornblende  to  augite,  are  common  among  the  volcanic 
rocks  of  Auvergne.  The  amphiboles,  in  short,  are  unstable  at  high 
temperatures,  and  either  the  rapid  cooling  of  a  magma,  the  presence 
of  water,  or  some  undetermined  influences  of  pressure,  conditions 
their  appearance  as  pyrogcnic  minerals.  -Vn  excess  of  magnesia  is 
also  favorable  to  their  development,  while  an  excess  of  lime  may 
determine  the  formation  of  pyroxene. 

Common  hornblende  is  very  widely  diffused,  as  in  granite,  syenite, 
diorite,  diabase,  gabbro,  and  norite,  and  in  the  metamorphic  gneisses, 
hornblende  schists,  and  amphibolites.  The  crystallized  *' basaltic 
hornblende ''  appears  as  an  early  secretion  in  andesite,  dacite,  pho- 
nolite,  basalt,  ete.  Hornblende  alters  not  only  into  pyroxenes,  as 
mentioned  above,  but  also  into  chlorite,  epidote,  biotite,  siderite, 
calcite,  and  quartz.  Pseudomorphs  of  hornblende  or  of  anthophyUite 
after  olivine  have  been  described  by  F.  Becke '  and  B.  Kolenko.* 

Ordinarily,  the  constitution  of  the  hornblendes  is  supposed  to  be 
analogous  to  that  of  augite,  metasilicates  of  the  form  RSiOj  being 

'  Neues  Jahrb. ,  1897,  Band  1,  p.  1. 

a  Am.  Jour.  Sci.,4th  ser.,  vol.  22, 190(),  p.  3*5. 

•  Zeitschr.  Deiitsch.  Keol.  Gesell. ,  vol.  37, 1^),  p.  10. 

<  MiiK'mlo^ric  de  la  France,  vol.  1,  ls93-l><9o,  pp.  668-069. 
6  Min.  p^-t.  Mitt.,  vol.  4,  issj,  p.  4'iO. 

•  Neues  Jalirb.,  Band  2,  li>85.  p.  90. 
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isomorphously  commiiigled  with  Tschermak  's  hypothetical  compound 
RAljSiOe.  It  is  also  commonly  assumed  that  the  amphibole  mole- 
cules are  larger  than  those  of  the  pyroxenes,  as  showm  by  tlie  formulfe 
of  (liopside,  MgCaSi^O,,  and  tremolite,  CaMggSi^O,,.  The  latter 
assumption,  however,  is  not  well  grounded,  for  the  amphiboles,  as  a 
rule,  are  lower  in  specific  gravity  than  the  corres])ondiiig  pyroxenes, 
which  indicates  that  their  molecules  are  really  lc»ss  condensed.  The 
true  molecular  weights  are  unknowTi,  and  it  is  quite  possible  that 
they  are  better  repn»sented  by  polymeric  symbols,  such  as  KgSig024 
in  the  pyroxene  series  and  R^Si^O,,  for  the  amphiboles.  The  way 
iji  which  the  alkali  pjToxenes  alter  into  mixtures  of  orthosilicates 
and  trisilicates  offers  an  argument  in  favor  of  tliis  view.  In  fact, 
G.  F.  Becker  *  has  sought  to  explain  the  relations  between  the  two 
groui)s  of  minerals  upon  the  assumption  that  they  are  mixtures  of 
the  two  classes  of  salts  just  named.  Tliere  are  still  other  interpreta- 
tions of  the  hornblendes.  R.  Scharizer  *  regards  them  as  mixtures  of 
acthiolite  with  an  orthosilicate  isomeric  with  garnet,  R"3R'",Si,0„, 
to  which  he  has  given  the  name  "syntagmatite."  A  hornblende 
from  Jan  Mayen  Island  agrees  very  nearly  w^ith  the  supposed  syn- 
tagmatite  in  composition.  F.  Berwerth  ^  also  assumes  the  presence 
of  orthosilicates  in  the  hornblendes,  and  attributes  part  of  their 
alumina  to  molecules  which  are  either  those  of  micas  or  isomeric  with 
them.  Another  portion  of  the  alumina  he  regards  as  forming  the 
metasilicate  AlgSijOj,,  a  compound  which  is  not  known  to  occur  by 
itself  in  nature.  An  alkali  hornblende  from  Piedmont,  described  by 
F.  11.  Van  Horn,^  has  very  nearly  orthosilicate  ratios;  and  so  also 
has  a  variety  from  Dungannon,  Ontario,  studied  by  F.  D.  Adams  and 
B.  J.  Harrington.*  Some  hornblendes,  however,  contain  a  larger 
proportion  of  oxygen  than  orthosihcates  require;  and  to  explain 
their  constitution  it  is  necessary  to  assume  the  existence  of  basic 
salts — a  condition  which  is  fulfiUecl  by  the  molecide  RAljSiOe.  Th© 
synthesis  of  such  a  compound,  or  its  discovery  as  an  actual  mineral 
would  go  far  toward  settling  the  constitution  of  this  important 
group.* 

An  interpretation  of  the  amphiboles  quite  unlike  that  of  Tschermak 
has  been  proposed  by  S.  L.  Penfield  and  F.  C.  Stanley.'     They  assume 

I  Am.  Jour.  Scl.,3d  ser.,  vol.  38, 1889,  p.  154.  See  abo  F.  W.  Clarke,  Hull.  U.  8.  Geol.  Survey  No.  568, 
19U. 

«  Neiies  Jahrb.,  Band  2,  1884,  p.  143. 

'  Sitziingsb.  K.  Akad.  Wiss.  Wien,  vol.  85,  pt.  1, 1882,  p.  153.  See  also  H.  Haefcke,  Poet.  Diss.,  Gottingen, 
1890. 

«  Am.  Geologist,  vol.  21, 1898,  p.  370. 

&  Am.  Jour.  Sci.,  4th  ser.,  vol.  1, 1896,  p.  210.    "  Hastlngsite." 

•  According  to  C.  Doelter  and  E.  Dittler  (Sitningsb.  K.  Akad.  WIss.  Wien,  vol.  121,  Abth.  1, 1912,  p.  8fl7)f 
the  compound  MgAlsSi0«  is  unstable  in  fusion.  A  compound  KAlsSiO«  has  been  prepared  by  Z.  Wey- 
borg,  Ccntralbl.  Min.,  Geol.  u.  Pal.,  1911,  p.  326. 

'  \m.  Jour.  Sd.,  4th  ser.,  vol.  23, 1907,  p.  23.  Other  discussions  of  the  constitution  of  the  amphibdes  are 
by  S.  Kreuts,  Sitzungsb.  K.  Akad.  Wiss.  Wien,  vol.  117,  Abth.  1, 1908,  p.  877,  and  G.  Miirgod,  Bull.  Dept. 
Geology  Univ.  California,  voL  A,  1900^  p.  359. 
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the  existence  iu  them  of  bivalent  molecules,  AljOF,,  Al^OCOH),, 
AljQjR",  and  AljO^R^Naj,  and  also  the  univalent  group  MgF,  in 
order  to  account  for  fluorine,  water,  and  alumina.  All  of  the  amphi- 
boies  are  then  formulated  as  polymetasilicates. 

All  of  these  interpretations  of  the  amphibole  group  need  careful 
reconsideration  in  the  light  of  evidence  obtained  by  E.  T.  Allen  and 
J.  K.  Clement.^  These  chemists  find  that  water  is  an  almost  invaria- 
ble constituent  of  these  minerals,  running  up  in  tremoUte  to  as  high 
as  2.5  per  cent.  This  water  is  gradually  lost  on  heating,  without  any 
loss  of  homogeneity  and  with  very  shght  change  in  the  optical  prop- 
erties. It  is  therefore  not  constitutional  but  occluded  water,  or 
water  in  ''sohd  solution,"  as  the  authors  express  it.  W.  T.  Schcdler, 
however,  finds  that  the  water  of  tremolite  is  essential  to  the  meta- 
silicate  ratio,  and  is  therefore  more  probably  constitutional. 

Glaucophane, — Monoclinic.  Normally  NaAlSi20e.(FeMg)Si03,  but 
variable  amounts  of  the  calcium  metasilicate  may  be  present  also. 
C<^or,  blue,  bluish  black,  or  grayish.  Specific  gravity,  3  to  3.1. 
Hardness,  6  to  6.5. 

RiebeekiU. — Monochnic.  Composition,  2NaFeSi20e.FeSi03.  Colpr, 
black. 

Crocidolite. — Composition,  NaFeSijO^-FeSiOj.  Resembles  riebeck- 
ite.  Molecular  weight,  364.1.  Specific  gravity,  3.2  to  3.3.  Molecu- 
lar volume,  112.  Ashes tiform.  Color,  dark  blue,  sometimes  greenish 
or  nearly  black.     Hardness,  4. 

Several  other  amphiboles  related  to  the  three  species  described 
above  have  been  given  independent  names.  Rhodusite,  described  by 
H.  B.  FouUon,^  is  an  asbestiform  variety  of  glaucophane  in  which 
aluminum  has  been  replaced  by  ferric  iron.  Crossite,  from  Cali- 
fornia, according  to  C.  Palache,^  is  intermediate  between  riebeckite 
and  glaucophane.  Holmquistite  is  a  glaucophane  from  Sweden  con- 
taining over  2  per  cent  of  hthia,  described  by  A.  Osann.* 
,  Arfvedsoniie. — ^Monochnic.  The  composition  is  approximately 
4NajSiO,-fl3FeSi03  +  3CaSiOe+Fe"Al2SiO«,  but  probably  variable. 
Specific  gravity,  3.45.     Color,  black.     Hardness,  6. 

Barkevikiie, — Intermediate  between  arfvedsonite  and  hornblende.'' 
Color,  black.     Specific  gravity,  3.43. 

JEnigmutUe, — Triclinic.  Essentially  a  metasilicate  of  sodium  and 
ferrous  iron,  but  with  titanium  replacing  a  part  of  the  silicon,  and  a 

»  Am.  Joiir.  Sci.,  4th  ser.,  vol.  2«,  190S,  p.  101.    Schaller's  criticLsm  is  as  yet  unpublishe  !. 

»  SiUungsb.  K.  AkacJ.  Wiss.  Wien,  vol.  100,  Abth.  1,  1801,  p.  17»i. 

•  Bun.  Dept.  (Jeology  Univ.  California,  vol.  1,  1894,  p.  181. 

<SIUungsb.  Heidelberg  Akad.,  1913,  Abhandl.  23. 

»  For  •  discussion  of  the  Gomposition  of  berkevikite,  see  W.  C.  Brogger,  Zeitschr.  Kryst.  Min.,  vol.  16, 
1890,  p.  412.  For  constitution  of  these  amphiboles  see  F.  W.  Clarke,  Bull.  U.  S.  (Jeol.  Survey  No.  588, 
pp.  102, 103. 
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small  admixture  of  the  basic  salt  RFe'^^SiOe.*  Specific  gravity,  3.80. 
Color,  black. 

Among  these  alkali  amphiboles,  glaucophane  and  riebeckite  are  the 
most  important.  They  are  partly,  although  not  absolutely,  the  equiv- 
alent of  i  adeite  and  acmite  among  the  pyroxenes,  but  differ  from  them 
chemically  in  containing  the  molecules  FeSiOj,  and  MgSiO,  in  addi- 
tion to  the  aluminous  compounds.  None  of  them  has  been  prepared 
synthetically,  and,  like  the  other  amphiboles,  they  yield  pyroxenes 
upon  fusion.' 

Glaucophane  occurs  chieflj''  in  a  series  of  glaucophane  schists  and  in 
eclogite.'  It  has  also  been  observed  in  some  eruptive  rocks.  It  alters 
into  chlorite,  feldspar,  and  hematite.*  Riebeckite  is  foimd  in  gran- 
ites and  syenites;  crocidolite  also  occurs  in  granite  and  in  quartz 
schist.  By  oxidation  of  the  iron  and  infiltration  of  silica,  crocidolite 
alters  into  the  beautiful  ornamental  stone  known  as  "tiger-eye." 
Riebeckite  is  reported  as  altering  to  epidote.' 

Arfvedsonite  and  barkevikite  occur  chiefly  in  augite  and  els^olite 
syenites,  also  in  a  granite,  i^nigmatito  is  known  chiefly  from  the 
sodalite  syonito  of  Greenland;  but  cossjrrite,  which  is  probably  the 
Same  mineral,  was  found  in  a  rhyolite  lava.  Arfvedsonite  alters  into 
acmite  and  lepidomolane,*  and  so  also  docs  barkevikite.^ 

Kaersutit^  from  Greenland  and  linosite  from  the  island  of  Linosai 
east  of  Tunis,  are  aluminous  amphiboles  rich  in  titanimn.  In  lino- 
site  H.  S.  Washington  *  found  over  10  per  cent  of  TiO,. 

THE  OLIVINE  GROUP. 

Forsterite,  — Orthorhombic.  Composi  tion ,  Mg2Si04.  Molecular 
weight,  141.4.  Specific  gravity,  3.2.  Molecular  volume,  44.2. 
Color,  white>,  often  tinted  yellowish,  greenish,  or  gray.  Hardness, 
6  to  7.     Melting  point,  1,890'',  Bowen. 

I  See  Brdggex,  op.  cit.,  pp.  428-429.  See  also  J.  Soellner,  Neues  Jabrb.,  Beil.  Band  24, 1907,  p.  475^  wbo 
has  described  a  new  mineral,  rlioenite,  allied  to  aEMiigmatite. 

« See  Brogger,  op.  cit.,  p.  410,  with  reference  to  arfvedsonite.  C.  Doelter  (Min.  pet.  Mitt.,  vo].  10, 1888, 
p.  70)  fused  glancoplianc  with  sodium  fluoride  and  magnesium  fluoride  and  obtained  a  product  resembliiif 
acmite. 

•  See  K.  Oebboke,  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  38, 1S86,  p.  634,  for  a  summary  of  occurrences  tod 
bibliography.  Also  H.  8.  Washington,  Am.  Jour.  Sd.,  4th  ser.,  vol.  11,  1901,  p.  ZTr,  (I.  P.  Becker,  Moo. 
U.  S.  Oeol.  Survey,  vol.  13, 1S88,  p.  102;  and  H.  Rosenbusch,  Sitzungsb.  K.  Akad.  Wiss.  Berlin,  1896,  p.  706^ 
Washington's  memoir  is  very  full.  On  the  glaucophane  rocks  of  California,  see  J.  P.  Smith,  Proc.  Am. 
Philos.  Soc.,  vol.  45, 1907,  p.  183. 

•  L.  Colomba,  Zeitschr.  Kryst.  Min. ,  vol.  26, 1S96,  p.  215. 

»  On  riebeckite  rocks,  see  G.  T.  Prior,  Mineralog.  Mag.,  vol.  12, 1889,  p.  92;  P.  Termicr,  Bull.  See.  min., 
vol.  27, 1904,  p.  26.'>;  O.  M.  Murgooi,  Am.  Jour.  Sci.,  4th  ser.,  vol.  20, 1905,  p.  133.  According  to  Morgoci, 
riebeckite  forms  only  from  persilicic  magmas.  Riel>eckite  rocks  from  Oklahoma  are  described  by  A.  F. 
Rogers  in  Jour.  Geology,  vol.  15, 1907,  p.  283. 

•  W.  C.  Brdggcr,  Zeitschr.  Kryst.  Min.,  vol.  16, 1900,  pp.  407-410;  also  N.  V.  Ussing,  idem,  vol.  28^  1898, 
p.  104. 

»  BrSgger,  op.  cit.,  pp.  41^-422. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  26, 1909,  p.  187. 
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Fayalite. — Orthorhombie.  Composition,  FejSiO^.  Molecular 
weight,  204.4.  Specific  gravity,  4  to  4.14.  Molecular  volume,  49.8. 
Color,  yellow  to  brown  and  black.     Hardness,  6.5. 

Forsterite  and  fayalite  are  two  minerals  which,  rare  by  themselves, 
are  very  common  in  isomorphous  mixture.  The  usual  mixture,  in 
which  the  magnesium  salt  predominates,  is  known  as  olivine,  chryso- 
lite, or  peridot.  A  variety  containing  a  large  amount  of  iron  is  called 
hyalosiderite.  Hortonolite  is  another  member  of  the  group,  contain- 
ing much  iron,  less  magnesia,  and  about  4.5  per  cent  of  manganese 
oxide.  The  compound  Mn3Si04  occurs  as  tephroite,  and  roepperite  is 
a  variety  containing  zinc.  Knebelite  is  intermediate  between  fayalite 
and  tephroite.  All  of  these  minerals  are  represented  by  the  general 
orthosilicate  formula  R,Si04.  Titanic  oxide,  up  to  5  per  cent  or 
more,  may  replace  a  part  of  the  silica  in  olivine,  forming  a  variety  to 
which  the  name  titanolivine  has  been  given.* 

MonticeUite, — Orthorhombie.  Composition,  MgCaSi04.  Molecu- 
lar weight,  188.9.  Specific  gravity,  3  to  3.25.  Molecular  volume,  61. 
Colorless  to  yellowish,  greenish,  or  gray.  Hardness,  5  to  5.5.  The 
very  rare  glaucochroite,  CaMnSi04,  is  analogous  to  monticellite  in 
composition. 

The  members  of  the  olivine  group  are  easily  prepared  by  artificial 
means,  and  are  of  common  occurrence  in  slags.' 

The  first  intentional  synthesis  of  olivine  was  effected  by  Berthier,* 
by  simply  fusing  its  constituent  oxides  together.  Fouqu^  and  L6vy  * 
also  obtained  it  by  fusing  silica  and  magnesia  with  ferrous  ammo- 
nium sulphate.  In  their  synthesis  of  basalt  *  they  observed  oUvine 
among  the  earliest  crystallizations  from  the  magma.  J.  J.  Ebelmen  • 
prepared  forsterite  by  fusing  a  mixture  of  boric  oxide,  silica,  and  mag- 
nesia. In  this  case  the  boric  oxide  simply  serves  as  a  solvent  of 
relatively  low  melting  point,  from  which  the  synthetic  mineral  crys- 
tallizes just  as  ordinary  salts  crystallize  from  solution  in  water.  A. 
Daubr^e  ^  obtained  olivine  by  recrystallization  from  fused  meteorites, 
magnesian  eruptive  rocks,  and  serpentine.  He  also  *  prepared  mix- 
tures of  olivine  and  metallic  iron,  resembling  certain  meteorites,  by 
partial  oxidation  of  an  iron  silicide  and  subsequent  fusion  of  the 

>  See  A.  Damour,  Biill.  Soo.  inin.,  vol.  2,  1870,  p.  15;  and  L.  Hnigiiat(>Ui,  Zfilschr.  Kryst.  Min.,  vol.  39, 
1904,  p.  209. 

»  Se©  F<mqu6  and  I^* v j- ,  Synthase  <les  min^raux  et  des  rochos,  p.  96;  L.  Bourgeois,  Reproduction  artiflcielle 
des  miii6raux,  pp.  KiK-llo;  Vojrl,  Mineral bildung  in  Schmelxmassen,  p.  8.  A.  Stelmer  and  II.  Schulze 
(.^eues  Jahrb.,  1SS2,  pt.  l ,  p.  1 70)  have  described  a  slag  containing  a  Einc-l>earing  fayalite;  and  H.  Laspeyres 
(Zeltsdir.  Kryst.  Min.,  vol.  7, 1S83,  p.  404)  has  reported  another  furnace  product  having  the  composition 
MnFeaSisOs. 

•  Cited  by  Fouqu<^  and  LC'vy,  op.  cit.,  p.  97. 
«  Bull.  Soc.  min.,  vol.  4, 18hl,  p.  279. 

•  Compt.  Rend.,  vol.  92, 18S1,  p.  3G7. 

•  Annales  chim.  phys.,  3d  ser.,  vol.  33, 1851,  p.  5C. 
»  Compt.  Rend.,  vol.  f.2, 180«,  pp.  200,  3C.9,  f.CO. 

•  liltudes  synth^tiqucs  de  g^logic  exp<^rimentale,  p.  524, 

IISTSC— 19— Bull.  09,") 25  ^ 
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product.  G.  Lechartier  ^  fused  silica  and  magnesia  with  calcium 
chloride,  and  P.  Hautefeuille '  operated  ¥rith  the  same  oxides  and 
magnesium  chloride.  Olivine  was  produced  in  both  cases  when  the 
oxides  were  in  the  proper  proportions.  By  varjring  the  proportions 
enstatite  or  enstatite  and  olivine  together  were  formed.  S.  Meunier/ 
by  heating  magnesium  vapor  to  redness  in  a  mixture  of  water  vapor 
and  silicon  chloride,  obtained  both  olivine  and  enstatite.  Fayalite 
was  prepared  by  A.  Gorgeu/  who  heated  ferrous  chloride  with  silica 
to  redness  in  a  stream  of  moist  hydrogen.  Olivine  is  also  formed 
according  to  C.  Doelter,*  when  hornblende  is  fused  with  calciima  and 
magnesium  chlorides,  and  is  among  the  products  of  fusion  of  biotite, 
vesuvianite,  tourmaline,  clinochlore,  and  some  garnets.  Forsterite 
was  obtained  by  E.  T.  Allen,  F.  E.  Wright,  and  J.  K.  Clement  • 
incidentally  to  their  preparation  of  magnesian  pyroxenes. 

Olivine  is  an  essential  pyrogenic  constituent  of  many  eruptive 
rocks,  such  as  peridotite,  norite,  basalt,  diabase,  and  gabbro.  Dunite 
is  a  rock  consisting  of  olivine  alone,  or  at  most  accompanied  by 
trivial  amounts  of  accessories.  Since  olivine,  fused  with  silica,  yields 
enstatite,  it  can  occur  normally  only  in  rocks  low  in  silica.  As  the 
latter  increases  in  amount,  pyroxenes  take  its  place.  Olivine,  how- 
ever, sometimes  appears  abnormally,  as  a  minor  accessory,  in  highly 
siliceous  rocks  like  trachyte  and  andesite.  Fayalite,  for  instance,  was 
found  by  J.  P.  Iddings,^  associated  with  tridymite  in  lithophyses  of 
rhyolite  and  obsidian,  in  the  Yellowstone  Park.  A  similar  occur- 
rence in  the  Lipari  Islands  is  reported  by  Iddings  and  S.  L.  Pen- 
field.*  At  Rockport,  Massachusetts,  fayalite  has  been  foimd  in 
granite.'  Olivine  is  also  a  common  constituent  of  meteorites  and  is 
often  conspicuously  associated  with  metallic  iron.  As  products  of 
thermal  metamorphism  olivine  and  forsterite  are  found  in  limestones 
and  dolomites,  frequently  accompanied  by  spinel.*®  The  boltonite  of 
Bolton,  Massachusetts,  is  an  occurrence  of  this  kind. 

The  members  of  the  oh  vine  group  all  undergo  alteration  with 
extreme  facility.  The  typical  alteration  of  peridotite  rocks  is  into 
serpentine.  By  further  changes,  magnetite,  magnesite,  hydromag- 
nesite,  brucite,  calcite,  opal,  and  quartz  may  be  formed.  By  oxida- 
tion ot  the  iron  siUcate,  limonite  is  produced.    P.  von  Jerem6ef "  has 

i  Corapt.  Rend.,  vol.  07, 18C8,  p.  41. 

1  Annalos  chim.  phys.,  4Ui  ser.,  vol.  4, 1865,  p.  129. 

a  Compt.  Rend.,  vol.  03, 18S1,  p.  737. 

« Idem,  vol.  98, 1884,  p.  920. 

•  Min.  pet.  Mitt.,  vol.  10, 1888,  p.  67;  and  Neues  Jahrb.,  1887,  Band  1,  p.  1. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  22, 1906,  p.  385.    See  also  N.  L.  Bowen  and  O.  Andersen,  Am.  Jfnu,  Sd. 
4th  ser.,  vol.  37,  p.  487, 1914. 

T  Am.  Jour.  Sd.,  3d  ser.,  vol.  30, 1885,  p.  58. 
6  Idem,  vol.  40, 1890,  p.  75. 

•  See  8.  L.  Penfield  and  E.  H.  Forbes,  Am.  Jour.  Sci.,  4th  ser.,  vol.  1, 1896,  p.  129. 
>o  See  C.  T.  Clough  and  W  Pollard,  Quart.  Jour.  Oeol.  Soc.,  vol.  65, 1899,  p.  372. 

11  Zeitschr.  Kryst.  Min.,  vol.  32, 1900,  p.  430. 
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described  pseudomorphs  of  talc,  serpentine,  and  epidote  after  olivine. 
The  olivine  was  first  transformed  to  serpentine,  that  into  epidote,  and 
that  finally  into  talc  and  clay.  Psendomorphs  of  hornblende  after 
oUvine  are  recorded  by  F.  Becke  *  and  B.  Kolenko.^  By  a  reaction 
between  divine  and  feldspai*,  according  to  R.  Brauns,^  a  pyroxene 
can  be  formed.  MonticeUite  alters  into  serpentine  and  p3rroxene; 
and  C.  H.  Warren*  found  a  ferrous  anthophyllite,  FeSiO,,  derived 
from  the  fayalite  of  Rockport. 

THE  mCAS. 

Muscovite. — ^Monoclinio.  Comi>osition,  normally  AljKH^ijOi,. 
Molecular  weight,  399.6.  Specific  gravity,  2.85.  Molecular  volume, 
140.  Colorless  when  pure,  but  usually  tinted  slightly  by  impurities. 
Hardness,  2  to  2.5. 

Some  varieties  of  muscovite  differ  {ro:u  the  normal  compound  in 
containing  a  higher  proportion  of  silica.  These  all  i-epresent  admix- 
tores  of  the  isomorphous  trisilicate  AljKHjSigO^,.  Fuchsite  is  a 
muscovite  containing  small  amounts  of  cluromiuin,  replacing  alumi- 
num. Baddeckite  ^  appears  to  be  a  muscovite  containing  much  ferric 
iron,  due  to  admixtures  of  the  compound  Fe3KH2Si30i2.  F.  W. 
Clarke  and  N.  H.  Darton  •  have  described  an  altered  mica  which 
seems  to  be  derived  in  part  from  the  same  fenic  salt.  Koscoelite  is 
similar,  but  with  nearly  two-thirds  of  the  aluminum  replaced  by 
vanaditmi.'  Swicite,  margarodite,  dainourite,  gilbertite,  etc.,  are 
muscovites  of  secondary  origin. 

Paragonite, — ^Monoclinic.  A  sodium  mica,  AljNalljSigOij,  corre- 
sponding to  muscovite.     Molecular  weight,  383.5.     Specific  gravity, 

2.9.  Molecular  volume,  132.2.  Color,  like  muscovite.  Hardness, 
2.5  to  3. 

Lepidolite. — ^Monoclinic.  A  lithia-hearing  mica  of  variable  com- 
position. In  most  cases  a  mixture  of  a  fluoriferous  trisilicate, 
AlFj.SijOg.R',,  in  which  R'=  (Li,K),  with  molecules  of  the  muscovite 
type.  Color  commonly  rose-red  or  lilac,  but  also  white,  gray,  or  brown. 
Specific  gravity,  2.8  to  2.9.  Cookeite,*  Al3LiH(SiO,)j(OH),.H20,  is 
probably  a  derivative,  by  hydration,  of  lepidolite;  but  it  may  be 
an  alteration  of  tourmaUne.  Polylithionite  is  another  lithia  mica 
in  which  the  ratio  Si :  O  is  entirely  trisihcate.  The  separate  exist- 
ence of  such  a  compound  among  the  micas  sheds  much  light  upon 
their  constitution;  but  of  that,  more  later.     Zinnwaldite  and  cryo- 

« Min.  pet.  Mitt.,  vol.  4, 1882,  p.  450. 

•  Neoes  Jahrb. ,  1885,  Band  2,  p.  90. 
» Idem,  1808,  Band  2,  p.  79. 

•Am.  Jour.  Sci.,  4th  scr.,  vol.  16, 1903,  p.  337. 

■  O.  C.  Hoffmann,  Ann.  Rept.  Geol.  Survey  Canada,  vol.  9, 1896,  p.  U  R. 

•  Bull.  U.  S.  Qool.  Survey  No.  167. 1900,  p.  154. 
»  F.  W.  Clarke,  idem,  p.  73. 

•  See  Clarke,  Bull.  XJ.  8.  Geoi.  Survey  No.  588, 1914,  p.  67  .  ^^ 
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phyllite  are  other  lithia  micas  containing  iron  and  intermediate  in 
composition  between  lepidolite  and  the  ferruginous  biotites.  Lepido- 
lite  is  found  chiefly,  if  not  exclusively,  in  albitic  pegmatite  veins  and 
has  little  significance  as  a  rock-forming  mineral. 

Biotite. — Monoclinic.  Normal  composition,  AljMgjKlHSijOia,  but 
with  admixtures  of  the  corresponding  ferric  and  ferrous  salts  in 
variable  proportions.  Molecular  weight  of  the  normal  biotite,  420.3. 
Specific  gravity,  2.7.  Molecular  volume,  155.6.  The  specific  gravity 
of  the  iron  biotites  may  reach  3.1.  That  is  the  density  of  siderophyl- 
lite,  which  is  very  near  to  the  normal  ferrous  biotite  in  composition 
and  has  a  molecular  volume  of  155.9.  There  are  also  biotites  con- 
taining small  amounts  of  chromiimi,  bariimi,  manganese,  etc.  Color, 
in  biotite  generally,  green  to  black,  rarely  white,  sometimes  yellow 
to  broAvn.     Hardness,  2.5  to  3. 

Phlogopite. — ^Monoclinic.  Composition  variable;  typical  phlogo- 
pite  approximates  to  AlMgjEIHsSijOi,.  Usually  contains  a  low  pro- 
portion of  water  and  some  fluorine;  also  iron  in  small  quantities. 
Normal  molecular  weight,  418.6.  Specific  gravity,  2.75.  Molecular 
volimie,  152.2.  Color,  brown,  yellowish,  reddish,  greenish,  some- 
times white.  Hardness,  2.5  to  3.  Between  phlogopite  and  biotite 
there  are  many  intermediate  mixtures;  and  the  varieties  contain- 
ing much  ferric  iron  are  known  as  lepidomelane.  The  ratios  of  the 
latter  are  commonly  near  those  of  biotite. 

CMoritoid, — MonocUnic*  Composition,  Al3Fe''H2Si07;  being  a 
very  basic  orthosilicate.  Some  magnesia  or  manganese  may  replace 
a  part  of  the  iron.  Molecular  weight,  252.5.  Specific  gravity,  3.45. 
Molecular  volume,  73.2.  Color,  gray,  greenish  gray,  and  grayish  or 
greenish  black.  Hardness,  6.5,  Ottrehte,  which  is  an  important 
constituent  of  some  schists,  is  probably  the  trisiUcate  corresponding 
to  chloritoid,  Al2FeH2Si30ii.  These  minerals,  together  with  mar- 
garite,  seybertite,  and  xanthophylhte,  form  the  oUntonite  group,  or 
so-called  brittle  micas.  They  are  all  foliated,  micaceous  minerals, 
extremely  basic,  and  free  from  alkalies.  The  true  ferromagnosian 
micas  often  contain  admixtures  of  these  basic  molecules. 

Although  muscovite  is  very  simple  in  its  constitution,  the  other 
micas,  including  the  clintonite  series,  are  quite  complex.  Just  as  in 
the  pyroxene  and  amphibole  groups,  we  have  to  deal  with  isomorphous 
mixtures  of  different  salts,  which  vary  not  only  to  some  extent  in  type, 
but  also  in  their  "replacements^*  of  aluminum  by  iron  or  chromium, 
potassium  and  hydrogen  by  sodium  or  lithium,  and  magnesium  by 
iron  or  manganese.  In  some  of  the  brittle  micas  calcium  also  appears, 
and  in  lepidolite  and  phlogopite  the  equivalency  of  hydroxyl  and 
fluorine  has  to  be  taken  into  account.     Furthermore,  the  ferromag- 

nesian  micas  are  highly  alterable  by  hydration;  and  it  is  not  always 

w       ^— ^^      ^-^^—  ^— ^— ^^■^^^^« 

>  Triclinic  acoording  to  U.  F.  Keller  and  A.  C.  Lane,  Am.  Jour.  Sci.,3d  ser.,  vol.  42, 1891,  p.  499. 
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pofisible  to  be  certain  whether  a  change  of  that  order  may  not  have 
begun.  In  spite  of  all  difficulties;  however,  the  normal  micas  can  be 
expressed  by  a  smaller  number  of  generalized  formulse,  which  are  all 
derivable  from  one  general  type,  as  follows: 

Muscovite,  R^^^3R^3(SiO,)3        and  R^^^aR'aCSiOgyg. 
Biotite,        R^^^2R'^2R^2(Si04)3  and  R'^'aR^'aRVSijOg),. 
Phlogopite,  R''^R''3P^'3(Si04)3  and  R'^'iR^R^CSiaOg),. 

According  to  J.  Uhlig/  the  rare  mineral  kryptotile,  an  alteration 
product  of  prismatine,  is  an  end  member  of  the  muscovite  series, 
with  formula  Al8H3(Si04)3.  Possibly  the  clayUke  mineral  leverrierite 
may  be  akin  to  kryptotile.  To  these  normal  micas  must  be  added 
two  basic  types,  R'"Fj.Si308R'3  in  lepidolite,  zinnwaldite,  and  some 
phlogopites,  and  the  cUntonite  molecule  R'"03R".Si30g.R'3,  with 
its  orthosilicate  equivalent  R^'OsR^'-SiO^R'a.  To  each  of  these 
forms  a  known  mica  corresponds,  so  that  the  expressions  involve  no 
assumptions  of  hypothetical  molecules.  In  G.  Tschermak's  theory 
of  the  mica  group,*  hypothetical  compounds  are  invoked  with  which 
no  actual  micas  agree. 

Several  syntheses  of  mica  have  been  reported,  but  they  are  not  alto- 
gether satisfactory,  for  the  reason  that  the  products  obtained  were 
not,  except  in  one  instance,  verified  by  analysis.  Unfortunately,  a 
large  proportion  of  the  work  so  far  done  in  S3mthetic  mineralogy  has 
been  purely  quaUtative,  and  therefore  incomplete.  A  substance  may 
be  micaceous  and  yet  a  different  thing  from  any  natural  member  of 
the  mica  group.  The  true  micas,  as  a  rule,  are  hydrous  minerals; 
water  is  one  of  their  essential  constituents;  syntheses  by  igneous 
methods,  at  ordinary  pressures,  are  therefore  to  be  regarded  with  sus- 
picion. Some  phlogopites  are  nearly  anhydrous,  however,  and  it 
would  be  unwise  to  condemn  the  reported  syntheses  without  further 
investigation.  The  magnesian  mica,  described  and  partly  analyzed 
by  J.  H.  L.  Vogt,^  from  the  slags  of  the  Kafveltorp  copper  works  in 
Sweden,  may  have  been  a  phlogopite  of  the  type  just  indicated,  with 
its  hydroxyl  replaced  by  some  other  monad  radicle.  To  Fouqu6 
and  Levy's  *  s>Tithcses  of  a  mica  trachyte,  the  objections  just  cited  do 
not  apply.  The}^  heated  a  powdered  granitic  glass  with  a  Uttle  water, 
under  pressure,  and  for  a  long  time,  to  redness,  and  obtained  an  arti- 
ficial rock  in  which  scales  of  mica  were  visible.  In  this  synthesis 
water  played  a  distinct  part. 

By  the  prolonged  heating  of  andalusite  with  a  solution  of  potassium 
carbonate  and  potassium  fluoride  at  250°,  C.  Doelter*  obtained  scales 

>Zeitschr.  Kryst.Min.,voI.  47, 1910,  p.  215.    See  also  A.  Sauer,Zeitschr.  Deutsch.geol.  Gesell.  vol.38, 
1886,  p.  705. 
■Zeltschr.  Kryst.  Min.,  vol.  2, 1878,  p.  14;  vol.  3, 1879,  p.  122. 

*  Berg'  u.  Iliittenm.  Zeitung,  vol.  47,  p.  197. 

*  Gompt.  Rend. ,  vol.  113, 1891,  p.  283. 

*  Allgeiii^sechemische  Hineralogie,  p.  207. 
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of  white  mica.  This  transformation  is  instructiye,  for  andalusite 
alters  into  muscovite  quite  readily.  P.  Hautefeuille  and  L.  P.  de 
Saint-Gilles  ^  fused  the  constituents  of  an  iron  mica  with  potassium 
silicofluoride  and  found  crystals  resembling  mica  in  their  product. 
K.  ChrustschofF's  ^  work  was  more  definite.  He  fused  a  mixture 
equivalent  to  a  mica  basalt  with  the  fluorides  of  sodium,  aluminum, 
and  magnesium,  and  also  with  potassium  siUcofluoride.  After  very 
slow  cooling,  the  mass  contained  a  micaceous  mineral,  which  was 
separated  and  analyzed.  It  was  essentially  an  anhydrous  biotite. 
J.  Morozewicz  '  added  about  1  per  cent  of  tungstic  acid  to  a  mixture 
having  the  composition  of  rhyoKte,  and  obtained,  after  prolonged 
fusion  and  slow  cooling,  tables  of  biotito. 

C.  Doelter,*  in  a  series  of  memoirs,  rei>orts  the  formation  of  micas 
by  the  fusion  of  various  natural  silicates  with  fluorides.  Hornblende, 
augito,  pyrope,  almandite,  and  grossularito,  fused  with  sodium  fluor- 
ide and  magnesium  fluoride,  yielded,  among  other  products,  biotite. 
It  must,  however,  have  been  a  sodium  biotite,  for  the  materials  used 
seem  to  have  contained  no  potassium.  Glaucophane  treated  in  the 
same  way  gave  a  phlogopite.  Leucito,  with  sodium  or  potassium 
fluoride,  was  converted  into  an  alkali  mica  and  with  magnesium 
fluoride  yielded  biotite.  Andalusite,  heated  to  redness  with  potas- 
sium silicofluoride  and  aluminum  fluoride,  gave  muscovite,  and  when 
lithium  carbonate  was  added  to  the  mixture  a  lithia  mica  was 
obtained.  An  artificial  mixtm-e  corresponding  to  KAlSi04  4-  MgjSiO^, 
fused  with  sodium  and  magnesium  fluoride,  also  formed  biotite. 
From  other  mixtures  he  produced  muscovite,  phlogopite,  and  an  iron 
mica.  None  of  these  products  seems  to  have  been  analyzed,  and  as 
their  generation  is  ascribed  to  presumably  anhydrous  materials,  it  is 
probable  that  they  were  analogous  to  rather  than  identical  with  the 
natural  micas.  Possibly  they  were  micas  containing  fluorine  in  place 
of  hydroxyl.  In  nearly  all  the  reported  syntheses  of  mica  fluorides 
have  played  an  important  part,  but  their  exact  function  is  unknown. 

Primary  muscovite  is  essentiaUy  a  mineral  of  the  deep-seated 
rocks,  especially  of  the  granites  and  quartz  porphyries.  It  is  never 
found  in  recent  eruptives.  From  its  water  content  we  may  infer 
that  it  was  formed  under  pressure.  Muscovite  is  also  abundant  in 
mica  schist,  and  paragonite  is  similarly  found  in  a  paragonite  schist. 
As  an  alteration  product  of  other  minerals  muscovite  is  very  common. 
Feldspar,  topaz,  andalusite,  kyanite,  nephelite,  spodumene,  thescapo- 
lites,  and  various  other  silicates  alter  readily  into  mica.  Finite  and 
several  other  pseudomorphous  minerals  of  like  character  consist  of 
muscovite  more  or  less  impiu*e.  Lepidolite  is  probably  in  many  cases 

1  Compt.  Rend.,  vol.  104, 1887,  p.  566. 

s  liin.  pet.  Mitt.,  vol.  9, 1887,  p.  55. 

*  Neues  Jabrb.,  1883,  Band  2,  p.  48. 

« Idem,  1888,  Band  2,  p.  178;  1897,  Band  1,  p.  1.    Aim  iCin.  pet.  mu.,  vol.  10, 1888,  p.  «7. 
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secondary  after  muscovite,  for  it  often  forms  margins  upon  plates  of 
the  latter  mineral.  CryophyUite  forms  similar  margins  upon  lepi- 
domelane. 

Biotite  is  an  important  constituent  of  many  massive  igneous  rocks, 
such  as  granite,  syenite,  diorite,  trachyte,  andesite,  mica  basalt,  ete. 
It  forms  among  the  earliest  secretions,  immediately  following  the 
ores,  apatite,  and  zircon.  It  is  sometimes  altered  by  magmatic  corro- 
sion to  a  mixture  of  augite  and  magnetite.*  Pressure  seems  to  con- 
dition its  formation,  Phlogopite  occurs  chiefly  in  granular  Archeaa 
limestones  and  in  serpentine;  but  W.  Cross  ^  has  described  it  as  a 
constituent  of  a  peculiar  igneous  rock,  wvoniingite.  Chloritoid 
and  ottrelite  are  found  onlv  in  phvllitic  schists,'  and  are  of  nainor 
importance. 

MHiscovite,  under  ordinary  conditions,  is  one  of  the  least  alterable 
of  minerals.  The  feldspar  of  a  granite  may  be  completely  kaoUn- 
ized,  while  the  embedded  plates  of  mica  retain  their  brilliancy  almost 
unchanged.  By  treatment  with  aqueous  reagents  at  500°,  however, 
C.  and  G.  Friedel  *  transformed  muscovite  into  nephelite,  sodalite, 
leucite,  orthoclase,  and  anorthite.  Upon  fusion,  according  to  C. 
Doelter,*  muscovite  breaks  up  into  leucite  glass,  and  a  substance 
resembling  nephelite.  Lepidolite  and  zinnwaldite  behave  in  a  similar 
manner.  W.  Vernadsky  *  observed  corundum  and  sillimanite  among 
the  fusion  products  of  mica.  From  the  composition  of  muscovite  a 
splitting  up  into  water,  leucite,  and  sillimanite  may  be  inferred, 
according   to   the   equation — 

AUKH^SijOi,  =  AlKSi.O,  -f  .U,Si(),  +  H.O ; 

and  with  this  the  reported  derivation  of  muscovite  from  leucite  can 
be  correlated.'  Biotite,  according  to  Doelter,  yields  no  leucite  Upon 
fusion,  but  breaks  up  into  olivine  and  spinel,  with  other  less  com- 
pletely identified  substances.  On  the  other  hand,  H.  Backstrom' 
fused  biotite  and  found  olivine,  leucite,  a  little  spinel,  and  glass  to 
be  the  substances  formed  by  its  decomposition. 

Unlike  muscovite,  biotite  and  phlogopite  alter  easily,  and  pass  into 
a  series  of  apparently  indefinite  substances  known  as  '^vermiculites.'' 
The  change,  however,  is  very  simple,  and  consists  merel}'  in  the 
replacement  of  the  alkaline  metals  by  hydrogen,  with  assumption  of 

»  For  a  discussion  of  this  alteration,  see  H.  S.  Washington,  Jour.  Geology,  vol.  4,  is9t>,  p.  2')?. 
«  Am.  Jour.  Sci.,  4th  ser. ,  vol.  4, 1897,  p.  115. 

f  See  A.  Cathrein,  Mln.  pet.  Mitt.,  vol.  8, 1887,  p.  331;  and  L.  van  Werveke,  Neuee  Jalirb.,  18t^,  Baud 
l,p.227. 
« Compt.  Rend.,  vol.  110, 1890,  p.  1170. 

•  Neues  Jahrb.,  1897,  Band  1,  p.  1. 

•  Cited  by  Moroze\ncz,  Min. pet.  Mitt.,  vol.  18, 1893,  p.  26. 

•  See  Doelter's  experiment,  cited  above. 

•  Oeol.  FOren.  Fdrhandl.,  vol.  IS,  1»6,  p.  162. 
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additional,  loosely  combined  water.     From  the  typical  feixomag- 
nesian  micas  the  following  derivativrs  are  thus  formed: 

rrom  Al2^^p:-iKIISi30,J AlsMpjHjSigOjj.SHaO. 

From  AlAFgoKHaSijOij MMggHjSiPjj.SHgO. 

From  any  mixtm*e  of  biotite  and  phlogopite  molecules  the  cor- 
responding hydrated  mixture  may  be  generated.  These  compounds, 
so  simply  related  to  the  parent  substances,  form  a  series  intermediate 
between  the  micas  and  the  chloritos  and  mark  a  transition  into  the 
latter  group  of  minerals,  which  will  be  considered  next  in   order.* 

THE  CHLORITES. 

Under  this  general  name  a  considerable  number  of  minerals  are 
embraced  which  are  closely  related  to  the  micas.  They  are,  how- 
ever, much  more  basic,  highly  hydrated,  and  free  from  alkalies. 
They  are  silicates  of  aluminum  or  ferric  iron,  with  magnesium  or 
ferrous  iron,  and  resemble  the  micas  crj'stallographically  as  well  as  in 
the  scaly  or  foliated  habit  which  they  commonly  assume.  The  fol- 
lowing species  are  recognized  by  Dana,*  who  assigns  to  them  ihe 
annexed  empirical  formulae: 

Penninite [H.(Mg,FevVl,M,0.,. 

Prorhlorite H4o(!Fe.Mg)33Al,4Sii,09o. 

( ■orundophilite n2o(Fe,Mg)i,Al8Si^045. 

Daphnite HsaFojyAljgSiigOia,. 

(Yonstedlite He(Fe,Mg)3Fe''V^ijiO„. 

Thuringite H,8Fe8(Al.Fe)gSi«04,. 

Stilpnomelane 

Strigo\ite H,(Fe,Mn)j(Fe,Al)2SiaO„. 

Diabantite Hi8(Mg,Fe),2Al4Si<>0«. 

Aphrodderite H,o(Fe,Mg)8  A 1481402,. 

Polessite H,o(Mg.Fo^4Al^Si402j. 

Riimpfite WjgMgyAlnSiioOe^. 

To  these  may  be  added  the  more  or  less  uncertain  minerals  amesite, 
metaclilorito,  klementite,  chamosite,  epichlorite,  etc. 

None  of  the  formulae  given  above  is  fixed  and  definite,  for  each  of 
the  many  **chlorites"  is  variable  in  composition.  The  minerals,  like 
the  ferromagnosian  micas,  are  mixtures  of  compounds,  and  several 
attempts  to  disentangle  their  components  have  been  made.'  The 
simplest  and  most  natural  interpretation  of  the  chlorites  represents 

>  On  the  alteration  products  of  the  raagnesiaii  micas,  see  K .  Zschimmer ,  Jenaische  Zdtschr. ,  vol.  32, 1898, 
p.  551.  On  thcaction  of  water  upon  micas,  A.  Johnstone,  Quart.  Jour.r.eol.Soo.,  vol.45,l}>«9,  p.363.  For 
analyses  of  vemiiculites, see  £.  S.  Dana,  System  of  mineralogy, 6th  ed.,pp.  6G4-66S;  also  F.  W.  Clarke aod 
E.  A. Schneider,  Bull.  U.S.Oeol.  Survey  No. 78, 1891;  Bull. No. 90, 1892.  Theetirlier  papersof  J.  P.  Cooke 
and  F.  A.  Genth  are  also  important. 

■  System  of  mineralogy,  6th  ed.,  p.  643. 

•See  O.  TscLermak,  Sitzungsb.  K.  Akad.  Wiss.  Wien,  vol.  99,  Abth.  1,  1890,  p.  174:  vol.  100,  Ablh.  1, 
p.  29.  R.  Brauns,  Ncues  Jahib.,  Band  1, 18(M,  p.  20o,  and  Chemische  Mineralofde,  p.  221.  F.  W.  Claite, 
BuU.  I'.  S.  Geo].  Survey  No.  588, 1914,  pp.  5i^-6d.  An  earlier  discussion  by  Clarke,  on  different  lines,  it 
given  in  BuU.  U.  S.  (Jed.  Survey  No.  113. 1893,  p.  11. 
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them  as  formed  from  a  series  of  compounds  parallel  with  those  iden- 
tified in  tho  micas  and  vermiculites,  according  to  the  following 
scheme : 

Normal  micss.  Venniculites.  Normal  chlorites. 

Al,KIL,(SiO,),.  

Al,Mg^H(SiOJ,.  AljMgaHjCSiOJa.SHjO.  Ala(MgOH)4Ha(SiO,)3. 

AlMg3KHa(Si04),.  AlMg3H3(Si04)3.3H20.  Al(MgOH)«H3(SiO,)3. 

A10aMg,Si04.R^3.  AlOjMg.SiO.R^a.SHaO.  A10jMg.Si04.R^3. 

On  this  basis  the  relations  between  the  several  series  are  clear  and 
in  accord  with  the  natural  occurrences  of  the  minerals.  In  penninite 
and  clinochlore  we  have  varying  mixtures  of  the  first  and  second 
chloritic  types,  just  as  among  the  micas  we  find  examples  interme- 
diate between  biotite  and  phlogopite.  Prochlorite  appears  to  be  a 
derivative  of  the  last  molecule,  having  tho  formula — 

AlOjR'.SiO,.  (R"0H)H2, 

in  which  W  is  partly  Fe  and  partly  Mg.^ 

It  is  obvious,  from  their  hydrous  character,  that  the  chlorites  can 
not  form  as  pyrogenic  minerals.  They  are  always  of  secondary 
origin;  and  when  they  appear  in  volcanic  rocks  it  is  as  the  result  of 
hydrothermal  alteration.  Almost  any  aluminous  ferromagnesian 
mineral  may  yield  a  chlorite  in  this  way.  Augite,  hornblende,  bio- 
tite, vesuvianite,  epidote,  tourmaUne,  or  garnet  may  be  the  parent 
mineral.^  Chlorites  have  been  produced  artificially  by  G.  Friedel 
and  F.  Grandjean,'  by  the  action  of  alkaUne  solutions  on  pyroxenes. 

When  a  magnesian  chlorite,  such  as  chnochlore,  is  strongly  ignited, 
it  breaks  down  into  a  soluble  and  an  insoluble  portion,  and  the  latter 
has  the  composition  of  spinel.*  This  fact  is  strong  evidence  against 
Tschermak's  theory  of  the  chlorite  group,  in  which  the  normal  series 
is  regarded  as  formed  by  mixtures  of  serpentine,  H^MgjSijOg,  with 
amesite,  H4Mg2Al2SiOy.  For  serpentine,  on  ignition,  sphts  up  into 
water,  olivine,  and  enstatite,  and  the  last-named  mineral  does  not 
appear  among  the  decomposition  products  of  chnochlore.  The  latter, 
therefore,  contains  no  serpentine,  and  the  theory  which  assumes  its 
presence  falls  to  tho  ground.  C.  Doelter  *  reports  spinel,  ohvine, 
and  augite  as  formed  by  the  fusion  of  chnochlore;  but  the  experi- 
ments conducted  in  the  laboratory  of  this  Survey  exclude  tho  insolu- 
ble augite  from  the  Ust  of  probabiUties. 

Chlorites  are  abundant  among  the  metamorphic  schists,  chlorite 
schist  being  tho  commonest  occurrence.  An  interesting  metamorpho- 
sis of  such  a  rock,  a  phylUte  containing  approximately  75  per  cent  of 

»  For  the  other  chloritic  minerals  see  F.  W.  Clarke,  Bull.  V.  S.  Ocol.  Survey  No.  «88, 1914,  pp.  6^-65. 

*  For  a  cx>:nplcte  discussion  of  pseudomorphous  chlorite  aftor  pyrope,  see  J.  Lemberg,  Zeitschr.  Deutsch. 
gcol.  Qesell.,  vol.  27, 1875,  p.  531. 

»  Bull.  Soe.  min.,  vol.  32,  1909,  p.  150. 

«  F.  W.  Clarke  and  E.  A.  Schneider,  Bull.  U.  S.  Geol.  Survey  No.  113, 1883,  pp.  27-33. 

*  Neues  Jahrb.,  1897,  Band  1,  p.  1. 
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muscovite  with  25  of  chlorite,  is  reported  by  K.  Dalmer.^  With 
abnost  no  change  of  composition,  other  than  loss  oi  water,  it  was 
transformed  into  a  mixture  of  andalusite  and  biotite. 

THE  MEULITE   GBOTJP. 

MelilUe. — Tetragonal.  A  siUcate  of  aluminum  and  calcium  of 
variable  composition,  with  Fe'"  replacing  some  Al,  and  Mg  or  Na 
replacing  a  part  of  the  Ca.  Specific  gravity,  2.9  to  3.1.  Hardness,  5. 
Color,  white,  yellow,  gi'eenish  yellow,  brown. 

GeJdenite. — Tetragonal.  Composition  variable,  as  with  melUite. 
The  formula  commonly  assigned  to  gehlenite,  Al^Ca^Si^Oioy  is  not 
sustained  by  the  best  evidence.  Specific  gra^Tity,  3.  Hardness, 
5.5  to  6.     Color,  grayish  gi-een  to  brown. 

Akermanite. — Tetragonal.  Composition,  CaiSijOio,  with  about  one- 
third  of  the  calcium  replaced  by  magnesium.  According  to  A.  L. 
Day  and  E.  S.  Shepherd  ^  a  calciimi  siUcate  of  this  formula  can  not 
be  deposited  from  hme-sihca  fusions.  The  magnesia  is  essential  to 
its  formation.  Ordinarily  fomid  only  in  slags,  but  the  natural  min- 
eral has  been  reported  by  F.  Zambonini  ^  as  occurring  in  calcareous 
blocks  at  Monte  Sonima. 

Sarcolite. — ^Tetragonal.  Composition,  Al2(NajCa)j,Si30j2.  Specific 
gravity,  2.93.  Hardness,  6.  Color,  reddish  white  to  rose-red. 
Known  only  from  Monte  Somma. 

These  four  isomorphous  siUcates  are  closely  related  to  one  another. 
J.  H.  L.  Vogt*  regards  gehlenite  and  Akermanite  as  the  two  inde- 
pendent species,  which,  isomorphously  commingled,  form  the  vari- 
able melilite.  This  view  is  plausible,  but  not  universally  accepted. 
Furthermore,  although  meUlite  is  a  pyrogenic  mineral  characteristic 
of  certain  eruptive  rocks,  natural  gehlenite  has  been  found  only  as  a 
product  of  contact  metamorphism  in  Umes tones.  If  gelilenite  were 
a  constituent  of  meliUte,  we  should  expect  to  find  igneous  rocks  in 
w^hich  it  appeared  as  an  essential  component,  or  at  least  as  a  con- 
spicuous accessory.  A  more  probable  interpretation  of  melilite  and 
gehlenite  treats  them  as  intermediate  mixtures  of  siUcates  analogous 
to  the  plagioclase  feldspars.  One  such  silicate,  AljCa^iOj,  has 
been  prepared  synthetically  by  E.  S.  Shepherd  and  G.  A.  Rankin  in 
the  Geophysical  Laboratory  of  the  Carnegie  Institution.  It  is 
easily  formed  by  direct  fusion  of  a  mixture  of  its  component  oxides. 
The  other  siUcate,  Al,Ca,(Si04)^  is  not  known  by  itself,  but  is  approxi- 

>  Neiics  Jahrb.,  1897,  Band  2,  p.  156. 

s  Am.  Jour.  Sci.,  4tb  ser.,  vol.  22, 1006,  p.  265. 

*  Mineralogia  vesuviana,  p.  255. 

*  Mineralbildung  in  Schmelzmassen,  1802,  pp.  06-176.  See  also  G .  Bodlander,  Neues  Jahrb.,  Band  1,  ISM, 
p.  15;  and  F.  Fouqu^,  Ball.  Soc.  xnin.,  vol.  23,  1000,  p.  10.  Abo  a  more  recent  aisoiusioo  by  Vogt,  INf 
Silikatschmelzl&sungen,  pt.  1,  1903,  p.  49.  F.  Zambonini  (Zeitsobr.  Kryst.  Ifin.,  vol.  41,  1906^  p.  326) 
has  advanced  strong  arguments  against  Vogt^  kypotbiuU, 
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mated  by  some  artificial  gehlenit^s.  It  is  nearly  related  in  structure 
to  minei^  oi  the  garnet  and  scapolite  groups.' 

One  objection  to  Yogi's  interpretation  of  the  melilite  group  is 
that  &kermanite,  being  nonaliuninous,  is  a  compound  of  very  different 
type  from  the  other  minerals.  It  is  iiicluded,  however,  in  the  scheme 
proposed  by  W.  T.  Schaller,^  who  regards  meliUte  and  gehlenite  as 
mixtures  of  four  silicates,  namely,  &kermanite,  lime  sarcolite,  soda 
sarcolite,  and  the  artificial  compound  AljCa^SiOj.  Here  again  com- 
pounds of  unlike  type  are  brought  together,  and  although  the  analyses 
of  melilite  and  gehlenite  can  be  interpreted  quite  accurately  by 
Schaller's  method,  something  more  general  seems  to  be  needed. 
These  minerals  are  closely  related  to  other  lime-alumina  silicates, 
namely,  to  garnet,  prelmite,  anorthite,  zoisite,  vosuvianite,  and 
meionite,  which  are  all  similar  in  composition  although  different  in 
form.  Their  relations  to  one  another  are  expressed  by  the  formul» 
proposed  by  F.  W.  Clarke,'  who  regards  melilite  as  a  mixture  of  the 
two  sarcolites  with  the  compound  Al2(Si04),Ca9  in  varying  propor- 
tions. The  last  compound  is  hypothetical,  although  some  artificial 
melilites  approach  it  in  composition.  In  gehlenite  we  seem  to  have 
the  same  compound,  with  sometimes  sarcolite,  and  another  hypo- 
thetical basic  silicate,  Al2(Si04)eCa,(A102Ca)8.  With  these  formulae 
the  relations  mentioned  above  are  shown  very  clearly.  Their  full 
discussion  will  appear  later,  in  the  section  on  constitutional  formula?, 
in  Chapter  XIV. 

Both  melilite  and  gehlenite  are  common  minerals  in  slags/  and  both 
have  been  prepared  synthetically.  An  artificial  melilite  basalt  was 
prepared  by  J.  Morozewicz,^  and  the  mineral  was  also  found  by 
Fouqu6  and  L6vy  ®  among  the  constituents  of  some  of  their  synthetic 
rocks.  In  Morozewicz's  preparation  the  melilite  was  accompanied 
by  augite,  plagioclase,  olivine,  corundum,  and  spinel.  Melilite  and 
feldspar  were  the  last  silicates  to  crystalUze  from  the  magma.  F. 
Fouqu6  '  has  shown  that  melilite  is  formed  when  an  augite  andesite 
or  a  basalt  is  fused  with  lime,  and  he  gives  analyses  of  two  products 
thus  obtained.  G.  Bodlander  ®  found  melilite  in  a  sample  of  Portland 
cement;  but  according  to  Vogt  ®  the  mineral  was  not  pure.  L.  Bour- 
geois ^°  prepared  melilite  by  direct  fusion  of  silica,  lime,  alumina,  and 
certain  other  oxides  commingled  in  proper  proportions,  but  could 

I  See  F.  W.  Clarke,  Bull.  U.  S.  Geol.  Survey  No.  58H,  1914,  pp,  31-34. 
«  Bull.  U.  S.  Geol.  Survey  Na  610, 1916,  pp.  106-126. 
»  Am.  Jour.  Sci.,  4th  ser.,  vol.  43,  1917,  p.  476. 

•  See  L.  Bourgeois,  Reproduction  artiflcielle  des  min^raux,  p.  123.  J.  H.  L.  Vogt,  Mineralbildung  in 
Schmelsmassen,  1S92.  F.  Fouqu^,  Bull.  Soc.  min.,  vol.  9,  1886,  p.  287.  P.  Iloberdey,  Zeitschr.  Kryst. 
llin.,  vol.  26, 1896,  p.  19.    J.  8.  Diller,  Am.  Joar.  Sci.,  3d  ser.,  vol.  87, 1889,  p.  220. 

•  Min.  pet.  Mtt.,  vol.  18, 1898,  p.  191. 

•  Bull.  Soc.  min.,  vol.  2, 1879,  p.  105. 
'  Idem,  vol.  23, 1900,  p.  10. 

•  Neues  Jahrb.,  Band  1, 1892,  p.  53. 

•  Idem,  Band  2, 1892,  p.  73. 

>*  Aonaleschim.  phys.,  5tb  ser.,  vol.  29, 1883,  p.  4M. 
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not  obtain  tho  calcium  alumosilicato  alone.  Tho  presence  of  iron, 
magnesia,  or  manganese  was  essential  to  a  successful  synthesis.  Soda 
also  is  probably  essential;  at  all  events,  melilite  forms  more  readily 
when  soda  is  present.  All  natural  melilite  contains  soda.  C.  Doelter 
and  E.  Hussak  '  found  melilite  among  the  fiision  products  of  garnet 
and  vesuvianite,  and  Doelter  *  reports  it  also  as  formed  when  tourma- 
line is  fused  with  calcium  chloride  and  sodium  fluoride.  The  synthesis 
of  gehlenite  was  effected  by  L.  Boiurgeois,'  who  simply  fused  the  con- 
stituent oxides  together  in  the  proportions  indicated  by  the  formula 
of  tho  species. 

Melilite  is  a  mineral  found  only  in  tho  younger  eruptives;  never 
in  the  plutonic  rooks  or  crystalline  schists.  It  is  frequently  associated 
with  nephelite  or  leucitc,  and  sometimes  takes  the  place  of  feldspar. 
Perofskite  is  one  of  its  most  constant  companions.  Its  origin  is 
always  pyrogenic*  Its  most  remarkable  occurrence  is  in  the  Uncom- 
pahgre  quadrangle,  Colorado,  where  it  forms  about  two-thirds  of  a 
rook  which  contains  also  pyroxene,  magnetite,  perofskite,  and  apatite, 
with  other  minor  accessories.  The  melilite  is  enormously  devdoped, 
and  cleavages  a  foot  across  are  not  rare.* 

Alterations  of  melilite  seem  to  have  been  little  studied.  A.  Cath- 
rein  •  has  described  pseudomorphs  of  pjTOxene  (fassaite)  and  gros- 
sularite  after  gehlenite.  By  heating  gehlenite  with  a  solution  of 
potassium  carbonate  to  200°,  J.  Lemberg '  obtained  calcium  carbonate 
and  an  amorphous  product  having  the  composition  of  a  potassium 
mica.  A  fibrous,  zeolitic  alteration  of  the  Uncompahgre  melilitOi 
cebollite,  has  been  described  bj-  E.  S.  Larscn  and  W.  T.  Schaller.' 

THE  GARNETS. 

Grossulariie. — Isometric.  Composition,  CajAljSigOij.  Molecular 
weight,  451.7.  Specific  gravity,  3.5.  Molecular  volume,  129.  Color, 
white,  yellow,  brown,  and  sometimes  pale  green  or  rose-red.  The  col- 
oration is  due  to  impurities. 

Pyrope. — Isometric.  Composition,  MgjAljSijOi,.  Molecular  weight, 
404.6.  Specific  gravity,  3.7.  Molecular  volume,  109.4.  Color,  deep 
red  to  nearly  black. 

Almavdite. — Isometric.  Composition,  FcaAlgSigOio.  Molecular 
weight,  490.1.     Specific  gravity,  3.9  to  4.2.     Molecular  volume,  118. 

1  Neues  Jahrb.,  1884,  Band  1,  p.  159. 

>  I<lGm,  1897,  Band  1,  p.  1. 

•  Annates  chim.  phys.,  5th  ser.,  vol.  29, 1883,  p.  448. 

«  Foi  data  upon  melilite  rocks  see  A.  £.  Tomebdhm,  Geol.  Fdren.  Fdrhandl.,  vol.  6, 1882,  p.  340.  A. 
Stelzner,  Neucs  Jahrb.,  Bell.  Band  2, 1883,  p.  369.  F.  D.  Adams,  Am.  Jour.  SeJ.,  3d  ser.,  vol.  43, 1802;  p. 
2G9.   C.  II.  Smyth,  idem,  vol.  4C,  1893,  p.  104.    The  last  two  references  deal  with  American  oooorrences. 

>  See  £.  S.  Larscn  and  J.  F.  Hunter,  Jour.  Washington  Acad.  Sci.,  vol.  4, 1914,  p.  473. 

•  Min.  pet.  Mitt.,  vol.  8, 1887,  p.  400. 

V  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  44, 1892,  p.  237. 
•Jour.  Washington  Acad.  8ci.,  vol.  4,  1914,  p.  480. 


ROCK-FORMING   MINERALS.  397 

Color,  red  to  brown  and  black.  Pyrope  and  almandite  shade  one  into 
the  other  through  varying  mixtures  of  the  iron  and  magnesium  com- 
pounds. 

Spessartite. — Isometric.  Composition,  MnaAljSiaOij.  Molecular 
weight,  496.4.  Specific  gravity,  4.2.  Molecular  volume,  118.  CoIot, 
red  to  brown. 

AndradiUf  "melaniie,  or  common  garnet — Isometric.  Composition, 
CajFe^'^SisOij.  Molecular  weight,  509.3.  Specific  gravity,  3.85. 
Molecular  volume,  158.2.    Color,  green,  yellow,  brown,  or  black. 

Uvarovite. — Isometric.  Composition,  CaaCrjSigOij.  Molecular 
weight,  501.7.  Specific  gravity,  3.5.  Molecular  volume,  143.  Color, 
emerald-green. 

The  foregoing  six  species,  with  their  many  isomorphous  mixtures, 
form  the  important  garnet  group.  With  them  may  be  included  the 
rare  mineral  schorlomite,  which  contains  titanium  partly  replacing 
silicon  and  ferric  iron.  Its  formula  is  Ca,(Fe,Ti"02(SiTi^^)3Oi,.» 
The  sodium  garnet  lagorioUte,  NaeAljSigO^,  which  was  obtained  by 
J.  Morozewicz^from  some  of  his  artificial  magmas,  also  belongs  here. 
Its  existence  accoimts  for  the  small  amoimts  of  alkahes  which  appear 
in  some  analyses  of  grossidarite,  although  they  may  be  due  in  part  to 
inclusions.  Garnets  are  peculiarly  prone  to  carrj^  other  species  as 
inclosures  within  their  crj^stals.  Some  garnets  are  hardly  more  than 
shells  enveloping  other  species.' 

Although  garnet  is  undoubtedly  a  pyrogenic  mineral,  its  synthesis 
is  attended  by  considerable  difficulties.  When  fused  by  itself  garnet 
breaks  up  into  other  compounds.  C.  Doelter  and  E.  Hussak,*  upon 
fusing  garnets  alone,  obtained  meionito,  melilite,  anorthite,  lime 
oHvine,  a  calcium  nephelite  (?),  hematite,  and  spinel,  the  products 
varying  with  the  composition  of  the  original  mineral.  By  fusing 
grossularitc  with  sodium  and  magnesium  fluorides,  Doelter'  obtained 
biotite,  anorthite,  meionite,  olivine,  and  magnetite.  L.  Bourgeois,* 
from  the  fusion  of  a  mixture  equivalent  to  grossularitc,  obtained 
anorthite  and  monticclUte;  and  J.  H.  L.  Vogt^  reports  anorthite  as 
formed  under  similar  conditions.  When  magnesia,  oxide  of  manga- 
nese, or  iron  oxide  was  added  to  Vogt's  mixture,  melilite  was  also 

1  R.  Soltmann  (Ziiilsc'hr.  Krjst.  Min.,  vol.  18,  1891,  p.  628)  has  Uescrilied  a  inelanilG  garnet  cwntaining 
11.01  per  cent  of  TiOj,  which  should  probably  be  partly  reduced  to  TigOj. 

»  Min.  pet.  Mitt.,  vol.  18,  1808,  p.  147. 

»  For  systematic  papers  on  the  garnet  group  see  W.  C.  BrSgger  and  H.  B&ckstr5m,  Zeitschr.  Kryst.  Min., 
vol.  18, 1891,  p.  209;  E.  Wcinschenk,  idem,  vol.  25. 1896,  p.  3r»5;  11.  E.  Boekc,  idem,  vol.  53, 1913,  p.  149; 
and  J.  Uhlig,  Verhandl.  Xaturhist.  Verein  preuss.  Rheintende  u.  Wcstfalcns,  vol.  07, 1911,  p.  307.  Uhlig 
gives  many  analyses.  A  garnet  intermediate  between  spessartite  and  andradite  has  been  named  spandite 
by  Fermor.  Granditc  is  another  intermediate  between  grossularitc  and  andradite.  See  Reo.  Oeol.  Survey 
India,  vol.  42,  1912,  p.  208. 

«Neues  Jahrb.,  1884,  Band  1,  p.  158. 

» Idem,  1897,  Band  1,  p.  1. 

*  Annales  chim.  phys.,  5th  ser.,  vol.  29, 1883,  p.  458. 

V  Mineralbildung  in  Sdimclzmasscn,  1892,  p.  187. 
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produced.  The  syntheses  of  garnet  reported  by  several  early  inves- 
tigators ^  are  of  doubtful  authenticity. 

Bourgeois,  however,  in  the  research  just  cited,  prepared  spessartite 
by  fusing  together  ita  constituent  oxides  in  the  proper  proportions. 
A.  Gorgeu  '  also  obtained  spessartite  when  pipe  clay  was  fused  with 
an  excess  of  manganese  chloride.  A  similar  fusion  with  calcium 
chloride  gave,  with  other  products^  crystals  which  were  possibly 
grossularite.  Fouqu6  and  L6vy*  report  melanite  as  formed  when 
nephelite  and  pyroxene  are  fused  together.  L.  Michel  *  produced 
melanite  and  sphene  by  heating  a  mixture  of  ilmenite,  silica,  and  cal- 
cium sulphide  to  1,200°.  In  this  case  the  artificial  melanite  was  veri- 
fied by  analysis.  E.  S.  Shepherd  and  G.  A.  Rankin  *  mention,  but 
without  details,  the  formation  of  grossularite  by  the  action  of  alu- 
minum chloride  upon  calcium  orthosilicate  under  pressure. 

Apparently  pjrogenic  garnet  can  be  produced  only  during  a  limited 
range  of  temperatures,  and  the  success  of  an  attempted  synthesis 
depends  upon  securing  the  exact  conditions.  Pressure,  also,  may 
exert  some  influence  upon  the  process.® 

Garnet,  especially  andradite,  is  an  exceedingly  common  mineral, 
and  is  found  as  an  accessory  in  a  great  variety  of  rocks.  Grossu- 
larite is  foimd  principally  in  crystalline  limestones,  where  it  has  been 
developed  by  contact  metamorphism.  Almandite  and  andradite  are 
common  in  granitic  rocks,  gneisses,  etc.  Andradite  also  occurs  as  an 
accessory  mineral  in  subsilicic  eruptives,  especially  in  leucite  and 
nephelite  rocks.  It  is  also  foimd  in  serpentines,  in  iron  ore  beds,  and 
as  a  product  of  contact  action,  associated  with  wollastonite  and 
pyroxene,  in  certain  volcanic  rocks.  Pyrope  is  often  f oimd  in  perido- 
tites  and  the  serpentines  derived  from  them.  Spessartite  occurs  in 
granite,  quartzite,  and  some  schists.  W.  Cross  ^  has  reported  it  from 
lithophyses  m  rhyolite.  Garnets  are  also  abimdant  in  many  crystal- 
line schists,  such  as  garnet  rock,  garnet  amphibolite,  garnet  homfels, 
garnet-mica  schist,  etc.  Eclogite  is  a  rock  in  which  garnet  and  a 
green  pyroxene  are  the  principal  minerals.  Kodurite,  an  igneous 
rock  described  by  L.  L.  Fermor,*  consists  chiefly  of  orthoclase,  garnet 
(spandite  or  grandite),  and  apatite. 

Alterations  of  garnet  are  exceedingly  common.  A.  Cathrein,* 
describing  the  rocks  of  a  single  region,  reports  ]>seudomorphs  after 
garnet  of  scapolite,  epidote,  oligoclase,  hornblende,  saussurite,  and 

I  See  Fouqu^  and  h6vj,  Sjrnthtee  des  mindraux  et  des  rochee.  p.  122. 
s  Annales  chim.  phys.  6th  ser.  vol.  i,  1885,  pp.  536, 55a. 
« Compt  Rend.,  vol.  87, 1878,  p.  962. 
i  Idem,  vol.  115, 1892,  p.  830. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  28, 1909,  p.  305. 

•  See  L.  L.  Fennor  (Rec.  Geol.  Survey  India,  vol.  43,  pt.  1, 1913,  p.  41,  and  lour.  Asiatic  Boo.  Bengal, 
vol.  8, 1912,  p.  315)  on  the  probable  formation  of  garnet  at  great  depths. 

'  Am.  Jour.  Sci..  3d  ser.,  vol.  31, 1886,  p.  432. 

•  Rec.  Geol.  Survey  India,  vol.  42, 1912,  p.  208. 

•  Zeitschr.  Kryst.  Min.,  vol.  10, 1885,  p.  433. 
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chlorite.  Chloritic  peeudomorphs  are  perhaps  the  most  frequent.^ 
The  pjrope  found  in  peridotite  rocks  is  often  surrounded  by  a  zona 
or  shell  of  altered  material,  to  wliich  A.  Schrauf  ^  has  given  the 
name  kelyphite.  It  is,  however,  not  a  substance  of  uniform  com- 
position. The  kelyphite  studied  by  A.  von  Lasaulx  ^  was  mainly  a 
mixture  of  pyroxenes  and  amphiboles.  J.  Mrha  *  described  a  kely- 
phite consisting  of  bronzite,  monoclinic  pyroxene,  picotite,  and  horn- 
blende. The  pyrope  from  the  peridotite  dikes  of  Elliott  County, 
Kentucky,  described  by  J.  S.  Diller,^  was  surrounded  by  a  similar 
shell  made  up  of  biotite  and  magnetite,  with  a  little  picotite.  Biotite 
is  not  an  uncommon  derivative  of  the  magnesian  garnets.  Garnet 
itself  appears  occasionally  as  an  alteration  product  of  other  minerals. 
P.  Jerem6ef  •  has  recorded  pseudomorphs  of  grossularite  after  vesu- 
vianite;  and  grossularite  after  gehlenite  was  observed  by  A.  Cathrein.' 

VBSXTVIANITE. 

Tetragonal.  Composition  variable,  and  best  represented  by  the 
general  formula  Al2Ca7Si^024R'4;  in  which  R'4  may  be  Caj,  (AlOH),, 
(AlOjH)^,  or  H4.  Some  replacements  of  magnesium  and  iron  are 
usually  present;  a  little  fluorine  may  be  substituted  for  hydroxyl,  and 
in  the  variety  wiluite  there  is  a  small  amount  of  boric  oxide."  Specific 
gravity,  3.35  to  3.45.  Hardness,  6.5.  Color,  brown  or  green,  some- 
times yellow  or  pale  blue.  A  massive  variety  of  vesuvianite  resem- 
bling jade  has  been  called  calif omite. 

Vesuvianite  has  not  yet  been  prepared  synthetically.  It  is  known 
chiefly  as  a  product  of  contact  metamorphism  in  limestones,  asso- 
ciated with  pyroxene,  scapolite,  garnet,  wollastonite,  and  epidote. 
It  is  also  found  in  some  serpentines,  chlorite  schist,  gneiss,  etc. 
Pesudomorphs  of  grossularite  after  vesuvianite  have  been  reported 
by  P.  Jerem6ef."  When  vesuvianite  is  fused,  it  breaks  up  into 
meionite,  melilite,  anorthite,  and  possibly  a  lime  olivine.*® 

THE   SCAPOUTBS. 

Meioniie. — Tetragonal.  Composition,  Ca^Al^SieO^j.  Molecular 
weight,  893.4.  Specific  gravity,  2.72.  Molecular  volume,  328.4. 
Colorless  or  white.     Hardness,  5.5  to  6. 

1  See  for  example  J.  Lemberg,  Zeitschr.  Deutsch.  geol.  Tfesell.,  vol.  27, 1375,  p. 531, and  S.  L.Penfield 
And  F.  L.  Sperry,  Am.  Jour.  Sci.,  3d  ser.,  vol.  32, 138G,  p.  307. 
t  Zeitschr.  Kryst.  Min.,  vol.  G,  1882,  p.  353. 

•  Verhandl.  Naturhlst.  Ver.  preuss.  Kheinlande  u.  Westfalens,  vol.  39,  pt.  2, 1882,  p.  111. 
« Min.  pet.  Mitt.,  vol.  19, 1890,  p.  111. 

•  Bull.  U.  S.  Geol.  Survey  No.  38, 1887. 

•  Zeltschr.  Kryst.  Min.,  vol.  31, 1899,  p.  505. 
»  Min.  pet.  Mitt.,  vol.  8, 1887,  p.  400. 

■  See  F.  W.  Clarke  and  G.  Stdger,  Bull.  U.  S.  Geol.  Survey  No.  262, 1905.  For  other  interpretaUons  of 
▼esuvianite  see  P.  Jannascb  and  P.  Wcingarten,  Zeitschr.  anorg.  Chemie,  vol.  8, 1805,  p.  35G;^  Weibull, 
Xeltscbr.  Kryst.  Min.,  vol.  25.  Ig86,  p.  1;  A.  Kenngott,  Neues  Jahrb.,  Band  1, 1891,  p.  200;  H.  SJdgren.  Geol. 
Fdren.  FQrhandl.,  vol.  17, 1895,  p.  267. 

•  Zeitschr.  Kryst.  Min.,  vol.  31, 1889,  p.  505. 

»  C.  Doelter  and  E.  Husaak«  Neues  Jahrb.,  1884,  Band  1,  p.  158. 
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MarialUe. — Tetragonal.  Composition,  ^SL^Al^SijOzjCl.  Molecular 
weight,  848.4.  Specific  gravity,  2.57.  Iklolecular  volumey  330.1. 
Colorless  or  white.    Hardness,  5.5  to  6. 

These  two  species,  with  their  isomorphous  mixtures,  form  the 
scapolite  group  as  interpreted  by  G.  Tschermak.'  Intermediate 
between  them,  and  analogous  to  the  plngioolase  feldspars  lying 
between  anorthite  and  albite,  are  the  following  soapolites,  which  have 
received  independent  names; 

Werneritc Me,Ma,  to  MeiMa^ 

Mizzonitc  or  dip>Te MejMa,  to  Me|Ma, 

The  reported  syntheses  of  scapoUte  are  not  altogether  conclusive. 
L.  Bourgeois  -  attempted  to  prepare  meionite  by  fusing  together  its 
constituent  oxides,  and  obtained  principaUy  anorthite.  By  adding 
fragments  of  marble  to  a  molten  basaltic  glass,  however,  he  observed 
in  one  case  the  formation  of  crystals  which  were  probably  meionite. 
By  fusing  a  leucitite  with  the  fluorides  of  sodium  and  calcium,  K.  B. 
Schmutz'  obtained  an  artifical  rock  containing  scapolite;  and  a 
similar  experiment  with  eclogite  also  yielded  the  mineral.  The  same 
procedure  with  epidote  and  fluorides  gave  C.  Doelter  ^  a  product  in 
which  meionite  was  recognized.  Doelter  also  reports  the  synthesis 
of  meionite  by  fusion  of  the  mixed  oxides,  lime,  silica,  and  alumina; 
and  by  fusion  of  a  silicate,  CaAl^SijO,,  with  sodium  chloride.  His 
attempts  to  prepare  marialite  failed.  E.  S.  Shepherd  and  G.  A. 
Rankin  ^  obtained  meionite  by  heating  a  glass  of  that  composition 
with  a  solution  of  sodium  chloride  in  a  bomb.  They  gave  no  details, 
however. 

The  scapolites  occur  principally  in  the  crystalline  schists,  gneisses, 
amphibolites,  and  metamorphosed  Umestones.  They  are  commonly 
products  of  metamorphic  contact  action  and  appear  to  be,  as  their 
composition  would  indicate,  derived  from  plagioclase  feldspar.  They 
have  been  found  as  secondary  minerals  in  various  eruptive  rocks.* 
In  Norway  scapoUte  rocks  are  associated  with  masses  of  apatite 
especially  at  Oedegaarden.  In  this  instance  J.  W.  Judd '  has  traced 
the  development  of  the  scapolite  from  plagioclase,  and  has  ascribed 
the  transformation  partly  to  the  action  of  sodium  chloride  solutions 
contained  in  cavities  of  the  rock,  and  partly  to  powerful  mechanical 

>  Min.  ppt.  Mitt.,  vol.  7,  p.  400,  1886;  Montash.  Chomic.  vol.  4,  1883.  p.  S51.  Compare  F.  W.  Cltfrke^ 
constitntlonal  formuhc  in  Bull.  V.  S.  rtcol.  Survey  Xo.  588,  1914,  p.  30;  and  A.  Himmelbaucr,  Sftzungsb. 
K.  Akad.  Wlss.  Wion,  1910,  Abth.  1,  p.  119.  A  scapolite  containing  the  sulphate  radicle  SO4  has  reoeotly 
been  descrilKjd  by  R.  Brauns,  Neucs  Jahrb.,  Beil.  Band  39.  1914,  p.  121.  It  is  named  silvialite.  Alio 
scapolite  containing  carbonate  groups  by  L.  H.  BorgstrSm,  Zeitschr.  Kryst.  Min.,  vol.  54, 1914,  p.  338. 

«  Annales  chim.  phys.,  5th  ser.,  vol.  29, 1883,  pp.  44C,  472. 

«  Neues  Jahrb.,  1897,  vol.  2,  pp.  133, 149. 

« Idem,  vol.  1,  p.  1. 

•  Am.  Jour.  Rci..  4th  ser.,  vol.  28,  p.  305, 1909. 

•  See  F.  Zlrkel,  Lehrbuch  der  Petrographie,  vol.  1, 1893,  p.  382.  W.  Salomon,  Min.  pet.  Mitt,  vvA,  IB, 
1895,  p.  150,  gives  a  good  bibliography  relative  to  dipyre 

'  Mineralog.  Mag.,  vol.  8, 1889,  p.  186. 
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stresses.  A.  Lacroix,  ^  however,  regards  the  change  as  due  to  contact 
action  between  the  rock  and  the  apatite,  although  m  other  localities 
solutions  of  chlorides  appear  to  be  operative.  Mechanical  agencies 
are  considered  by  Lacroix  to  be  unimportant.  At  the  Oedegaarden 
locality,  which  has  been  studied  by  several  authorities,  a  granitic 
mixture  of  pyroxene  and  feldspar  has  been  transformed  into  an 
aggregate  of  hornblende  and  scapolite.  By  fusion  Fouqufi  and  L6vy  ' 
transformed  it  back  again  into  pyroxene  and  labradorite.  A  Canadian 
scapolite  diorite  has  been  described  by  F.  D.  Adams  and  A.  C.  Lawson,  • 
and  H.  Lenk^  has  studied  an  augite-scapolite  rock  from  Mexico. 

The  scapolites  are  exceedingly  alterable,  and  most  so  toward  the 
sodimn  or  marialite  end  of  the  series.  Many  of  the  alteration  prod- 
ucts have  been  r^arded  as  distinct  species  and  have  received  inde- 
pendent names  Pseudomorphs  of  mica,  often  in  the  form  of  *'  pinite," 
after  scapolite  are  very  common.  Alterations  into  epidote,  steatite, 
kaolin,  and  free  silica  are  also  recorded.  A.  Cathrein*  has  reported 
pseudomorphs  of  scapolite  after  garnet. 

lOLITE. 

Iclite  or  cordierite. — Orthorhombic .  Formula,*  H3  (Mg,Fe) 4 Al8Siio087. 
Molecular  weight  and  volume  variable  on  account  of  variations  be- 
tween 1%  and  Fe.  Specific  gravity,  2.60  to  2.66.  Color,  blue, 
often  smoky  or  grayish.     Hardness,  7  to  7.5. 

A  possible  synthesis  of  iolite  was  reported  by  L.  Bourgeois, '  who 
fused  silica,  magnesia,  and  alumina  together  in  proper  proportions. 
J.  Morozewicz'  also  obtained  it  in  his  experiments  upon  artificial 
magmas,  supersaturated  with  alumina,  of  the  general  formula 
RO./n-AljOs.nSiOj.  When  magnesia  and  iron  were  present  and  n 
was  greater  than  6,  iolite  was  formed.  In  short,  he  produced  an  arti- 
ficial cordierite-vitrophyrite,  resembling  the  African  rock  described 
by  G.  A.  F.  Molengraaf .•  These  syntheses,  however,  were  made  with 
anhydrous  materials;  and  the  product  could  not  have  been  identical 
with  the  ioUte  of  natural  occurrences.  All  the  trustworthy  analyses 
of  the  mineral  show  that  water  is  one  of  its  essential  constituents. 

»  Bull.  Soo.  min.,  vol.  11,  1891,  p.  16.    In  vol.  12, 18S9,  p.  83,  Lacroix  has  an  elalwrate  monograph  upon 
scapolite  rocks. 
«  Bull.  Soc.  min.,  vol.  2,  1J^79,  p.  112. 
« Canadian  Bee.  Sci.,  vol.  3, 1888,  p.  ISt). 

•  Neues  Jahrb.,  1899,  Band  1,  ref.  73. 

•  Zeitschr.  Kryst.  Min..  vol.  9,  1884,  p.  378;  vol.  10, 1885,  p.  434. 

•  Formula  based  upon  O.  C.  Farrlngton's  analysis,  Am.  Jour.  Sci.,  3d  scr.,  vol.  43, 1892,  p.  13.  M.  Weibull 
(Qeol.  F6ren.  F5rhandl..  vol.  22,  1900,  p.  33)  regards  the  mineral  as  anhydrous,  and  writes  the  formula 
Mg,Al,(A10),P»0,«. 

'  Annales  chim.  phys.,  5th  scr.,  vol.  29,  1883,  p.  402. 

•  Min.  pet.  Mitt.,  vol.  18, 1S98,  pp.  08, 107.  See  ante,  p.  333,  under  "Corundum."  See  also  G.  A.  Rankin 
and  H.  E.  Merwin  (Am.  Jour.  Sci.,  4th  scr.,  vol.  43, 1918,  p.  301)  for  more  precise  data  relative  to  the  forma- 
tion of  iolite  from  a  melt. 

•  Neues  Jahrb.,  Band  1, 1S94,  p.  79. 
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lolite  k  {ound  in  natuce  in  a  great  vaxiaty  <A  xacka,  inoluding  both 
xnetamorphic  rocks  and  eruptiy^s.  It  hus  been  i^^M)rt6d  in  graaite, 
quartz  porphyry^  basalt,  quartz  trachyte,  biotite  dacite,  and  andeBite 
andseems  to  be  a  primary  separation  from  the  magmas.^  In  order 
of  deposition  it  follows  biotite  but  precedes  the  feldspaiB.  la  oop- 
dierite  gneiss  and  cordierite  homfels  iolite  is  a  characteristic  con- 
fitituent.  The  gneiss  from  Connecticut  described  by  E.  O.  Hovey  ' 
consisted  mainly  of  biotite,  quartz,  and  iolite,  with  some  plagioclase. 
lolite  is  also  woU  known  as  a  product  of  contact  metamorphism^  For 
example,  Sticking '  found  it  in  sandstones  which  had  been  vitrified 
by  contact  with  basalt ;  and  Kikuchi  *  has  described  a  Japiuiese 
locahty  where  iolite  occurs  in  slate  at  contact  with  granite. 

lolite  alters  with  great  ease,  taking  up  water  and  alkalies.  The 
product  is  usually  an  impure  mica,  and  many  pseudomorphs  of  this 
character  have  received  distinctive  names.  Chlorophyllite,  praseo- 
lite,  aspasiolite,  gigantolito,  fahlunite,  pinite,  etc.,  are  merely  altered 
iolite.' 

THE  ZOISITE  GROUP. 

Zoisite, — Orthorhombic'  Composition,  HCajAljSijOia.  Molecular 
wwght,  455.9.  Specific  gravity,  3.25  to  3.37.  Molecular  volume,138. 
Color,  white,  gray,  greenish,  ydlowish,  reddish.     Hardness,  6  to  6.5. 

Ejridote. — ^Monoclinic.  Composition  like  zoisite,  but  with  varying 
replacements  of  Al  by  Fe.  TTie  variety  with  little  or  no  iron  has 
been  called  clinozoisite.  Specific  gravity,  3.25  to  3.5.  Color,  com- 
monly green,  yellowish  or  brownish  green,  to  black,  sometimes  red, 
yellow,  or  gray;  rarely  colorless.     Hardness,  6  to  7. 

Piedmondte. — Monoclinic.  Composition  like  epidote,  but  with  Ma 
replacing  some  Al  and  Fe.  Specific  gravity,  3.4.  Color,  reddidi 
brown  to  black.     Hardness,  6.5. 

AUanite  or  orthiie-. — ^Monoclinic.  Composition  like  epidote,  but 
with  cerium  earths  partly  replacing  alumina  and  iron.  Specific  grav- 
ity, 3.5  to  4.2.     Color,  brown  to  black.     Hardness,  5.5  to  6. 

The  reported  syntheses  of  zoisite  and  epidote  are  questionable,  for 
the  products  seem  to  have  contained  no  water.  A.  Brun  ^  claimed  to 
have  produced  zoisite  by  fusing  40  parts  of  silica  with  37  of  Ume 
and  23  of  alumina.     C.  Doeltcr,*  upon  fusing  epidote  powder  with 

1  See  H.  Backing,  Bcr.  SenckeDl>ergisehcn  naturforsi-h.  Gcsell.,  AbhandL,  1900,  p.  3;  J.  Bzab<$,  Neues 
Jahrb.,  BcU.  Band  1, 18^1,  p.  SOS;  E.  Hussak,  Sitzungsb.  K.  Akad.  Wiss.  Wlen,  vol. S7,  AbtU.  1, 1883,  p.332; 
Neues  Jahrb.,  1885,  Band  2,  p.  81;  A.  Barker,  Geol.  Mag.,  1900,  p.  17C. 

*  Am.  Jour.  Sci.,  3d  ser.,  voL  36, 1888.  p.  67. 

*  Loc.  cit. 

*  Jour.  Coll.  Sci.  Japan,  vol.  3, 1890,  p.  313.    Kikuchi  also  describes  an  alleration  of  the  ioUte  into  pisita. 

*  For  a  summary  of  these  alterations  see  A.  Wichmann,  Zeltsohr.  Deutsch.  geol.  Gesell.,  voL  26, 1:874, 
p.  675.  For  the  mechanism  of  the  change  from  iolite  to  chlocophyllite  see  F.  W.  Clarke.  Bull.  U.  8.  Ocol. 
Survey  No.  688, 1914,  p.  79. 

*  For  optical  variations  in  zoisite,  see  P.  Tennler,  Bull.  Soc.  min.,  vol.  21, 1898,  p.  148;  vol.13,  lHOOi,  p.  ML 
Termier  regards  the  silicate  HCasR"'|SisOu  as  trimorphous. 

1  Arch.  sci.  phys.  nat.,  3d  ser.,  vol.  25, 1891,  p.  239. 
B  Neu63  Jahrb.,  1897,  Band  1,  p.  1. 


tbe  flubridas  of  sodmm  and  caldum,  obtakied  iadicatkHis  of  some 
vecrysUdlizaticm  of  the  epidote,  together  with  garnety  meionite,  asMM*- 
tfaiie,  olmnBy  and  magnetite.  Epidote  fused  alone  gave  an^'thite 
and  a  lime  etigite.  Satisfactory  syntiieses  of  the  minm^ls  formiag 
ikaB  gronp  aie  as  yet  to  be  made. 

Zoifflte  is  ffiflftntiftHy  a  mineral  of  the  crystalline  schists^  such  as 
amphibc^te,  gLaucophane  schist,  eclogite,  etc.  It  is  also  found  m 
some  granites  and  in  beds  of  sulphide  ores.  A  secondary  zoisite^ 
deriTed  &xan  j^agioclase  and  commonly  containing  both  minerals 
commingled,  is  known  as  saussurite  and  is  common  in  gabbros.^  It 
is  not  at  all  uniform  in  composition. 

Ei^dote,  hke  zoisite,  is  a  mineral  of  the  crystaUine  schists,  although 
C.  R.  Keyes^  has  cited  evidence  to  show  that  it  is  a  primary  mineral 
in  certain  granites  of  Maryland.  It  is  there  intergrown  with  allanite 
and  was  also  ofoseryed  inclosed  in  primary  sphene.  A.  Michel-L^yy  ' 
idso  Hoards  the  ejndote  of  certain  Pyrenean  ophites  as  primary. 
It  is  ^so  found,  according  to  B.  S.  Butler,^  in  dikes  cutting  soda 
p:'anite  porphyry  in  Shasta  County,  California.  There  are  many 
other  examines  on  record. 

Epidote  is  common  in  gneisses,  garnet  rock,  amphibolite,  parag- 
onite  and  glaucophane  schists  and  the  phyUites.  and  as  a  contact 
mineral  in  limestones.  It  is  also  common  as  a  secondary  mineral^ 
derived  from  feldspars,  pyroxene,  amphibole,  biotite,  scapolite,  Mid 
gameti  and  is  frequently  associated  with  chlorite.  When  lime-bear- 
ing ferromagnesian  minerals  chloritize  their  lime  goes  to  the  produc- 
tion of  epidote.  An  epidote-quartz  rock  derived  from  diabase  has 
been  called  epidosyte.^ 

Piedmontite  is  much  less  abundant  than  zoisite  or  epidote  and  is 
mainly  confined  to  the  crystalline  schists.  It  also  occurs  with  iron 
ores  and  as  a  secondary  mineral  in  eruptives.  G.  H.  Williams  •  has 
reported  piedmontite  in  a  rhyolite  from  Pennsylvania  and  N.  Yama- 
saki  ^  has  described  a  similar  occurrence  in  Japan.  Piedmontite  is 
quite  conunon  in  the  crystalline  schists  of  Japan,^  forming  a  piedmon- 
tite schist,  and  also  associated  with  rocks  containing  chlorite  or 
glaucophane. 

»  Also  in  the  Rrcenstones  of  the  Lake  Sui)crior  region.  See  0.  H.  WUliomB,  Bufl.  U.  S.  0«oI.  Survey  No. 
62,  1890,  where  the  process  of  saussuritization  is  discussed.  Williams  cites  abundant  references  to  the 
literature  of  the  subject. 

«  Bull.  Geol.  Soc.  America,  vol.  4,  1893,  p.  305. 

•  Bull.  Soc.  g^l.  France,  31  ser.,  vol.  6,  p.  161. 

<  Am.  Jour.  Bci..  4th  ser.,  \n\.  28, 1909,  p.  27.    Butler  gives  many  references  to  Hteratore. 

•  For  a  discussion  of  this  nltcmtion.  trith  references  to  literature,  see  A.  S<^nck,  Doct.  IHss.,  Bonn, 
18W.    Williams,  in  Bull.  V.  P.  Ceol.  Survey  No.  62, 199§,  also  discusses  the  process  of  epidotlcation 
what  fully. 

•  Am.  Jour.  Sci.,  3d  ser.,  vol.  46, 1893,  p.  56.    This  paper  contaiBs  many  references  to  Hterature. 
'  Jour.  Coll.  Sci.  Japan,  vol.  9,  lii97,  p.  117. 
•See  B.  Koto,  Idem,  vol.  1, 1837,  p.  303. 
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Allanite  is  widely  diffused  as  a  primary  ACCCBSorj  in  many  igneous 
rocks.  J.  P.  Iddings  and  W.  Cross/  who  have  pointed  out  its  im- 
portance, dte  occurrences  of  allanite  in  gneiss,  granite,  quartz 
porphyry,  diorite,  andesite,  dacite,  rhyolite,  etc.  W.  H.  Hobbs,'  study- 
ing the  granite  of  Uchester,  Maryland,  in  which  allanite  and  epidote 
are  intergrown,  has  especially  discussed  the  paragenesis  of  the  two 
species.  The  same  association  of  minerals  has  been  reported  by 
F.  D.  Adams/  A.  Lacroix/  G.  H.  Williams,'  and  others.  In  the 
granite  of  Pont  Paul,  France,  allanite  is  sometimes  enveloped  by 
biotit<^.*  W.  Mackie  '  has  reported  several  occurrences  of  allanite 
in  Scottish  granites.  Allanite  is  often  much  altered,  yielding  car- 
bonates of  the  cerium  group,  together  with  earthy  products  of  uncer- 
tain character. 

TOPAZ. 

Orthorhombic.  Simplest  empirical  formula,  Al2Si04F2,  but  with 
part  of  the  fluorine  commonly  replaced  by  hydroxyl.*  Molecular 
weight,  184.6.  Specific  gra^dty,  3.56.  MoleciJar  volume,  61.9. 
Color,  white,  yellow,  greenish,  bluish,  and  reddish.  Hardness,  8. 
The  true  formula  is  probably  three  times  that  given  above,  with  the 
molecular  weight  and  volume  correspondingly  tripled." 

The  synthesis  of  a  product  allied  to  topaz  was  early  reported  by 
A.  Daubrfie,***  who  heated  alumina  in  a  current  of  silicon  fluoride.  It 
contained,  however,  too  little  fluorine,  and  varied  in  other  respects 
from  topaz.  II.  Sainte-Claire  DeviUe,"  repeating  the  experiment, 
obtained  no  fluoriferous  silicate.  C.  Friedel  and  E.  Sarasin  ^  claim  to 
have  prepared  topaz  by  heating  alimiina,  silica,  water,  and  hydrofluo- 
silicic  acid  together  at  500^,  but  give  no  details  nor  analyses.  A. 
Reich  ^'  subjected  a  mixture  of  silica  and  aluminum  fluoride  to  a 
strong  red  heat,  and  afterward  ignited  the  mixture  thus  obtained  in  a 
current  of  silicon  fluoride.  By  this  process  topaz  was  formed,  which 
was  identified  both  crystallographically  and  by  analysis.  This  is 
the  only  satisfactory  synthesis  of  topa^  so  far  recorded. 

Topaz  commonly  occurs  in  gneiss  or  granite,  and  especially  in  tin- 
bearing  pegmatites.     The  rock  from  the  tin  mine  at  Mount  Bischoff, 

I  Am.  Jour.  Sci.,  3(1  scr.,  vol.  30, 1885,  p.  lOS. 
>  Idem,  p.  108,  vol.  38, 1880,  p.  223. 

•  Canadian  Rec.  Sci.,  vol.  4,1891,  p.  341. 

<  Bull.  Soc.  min.,  vol.  12, 1889,  pp.  138, 157, 210. 
»  Bull.  U.  S.  Gcol.  Survey  No.  62, 1890. 

•  A.  Michel-I/6vy  and  A.  I^acroiz,  Bull.  Soc.  min.,  vol.  11, 1888,  p.  C^, 

'  Trans.  Edinburgh  Qeol.  Soc.,  vol.  9,  1909,  p.  21*5.  A  Canadian  "granite,''  containing  56  per  cent  of 
allanite,  is  reported  by  G.  C.  Uoflmann  in  Ann.  Rept.  Gool.  Survey  Canada,  vol.  7,  1894,  p.  12R.  On 
the  weathering  of  allanite  see  T.  L.  Watson,  Bull.  Geol.  Soc.  America,  vol.  28, 1917,  p.  463. 

•  S.  L.  Pcnfleld  and  J.  C.  Minor,  Am.  Jour.  Sci., 3d  ser.,  vol.  47, 1894,  p.  387. 

•  See  F.  W.  Qarke  and  J.  S.  DiUer,  Bull.  U.  S.  Geol.  Survey  No.  27, 1888,  and  also  Clarke,  Bull.  Nc.588i 
1914. 

10  jfetudcs  synth^tiques  de  gdologie  exp^imentale,  p.  57. 
"  Compt.  Rend.,  vol.  52, 1861,  p.  780. 
»  Bull.  Soc.  min.,  vol.  10, 1887, p.  169. 
>»MaD»t8h.  Chemie,  vol.  17, 1S96,  p.  140. 
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Tasmania,  has  been  described  by  A.  von  Groddeck  *  as  a  porphyritic 
topazfels.  The  Brazilian  topazes  are  found  in  decomposed  material, 
which,  according  to  O,  A.  Derby,'  was  probably  a  mica  schist  derived 
from  an  antecedent  augite  or  nepheline  syenite.  In  Colorado  and 
Utah  topaz  occm^  in  lithophyses  of  rhyolite.'  Gaseous  emanations 
containing  fluorine  probably  play  an  important  part  in  its  develop- 
ment. Topaz  alters  easily,  by  hydration  and  by  the  action  of  perco- 
lating alkaUne  solutions,  and  is  transformed  into  compact  muscovite.^ 
The  reported  alterations  to  steatite  and  serpentine  are  probably 
based  upon  erroneous  diagnoses.  By  heating  topaz  with  a  solution 
of  sodium  silicate  174  hours  at  200°  to  210°,  J.  Lemberg  *  converted 
it  into  an  alkaline  alumo-silicate  of  presumably  zcolitic  character. 
At  a  white  heat  topaz  loses  fluorine  and  becomes  transformed  into 
sillimanite.* 

THE  ANDALTTSITE  GBOTTP. 

AndaliLsite. — Orthorhombic.  Simplest  empirical  formula,  AljSiOj; 
true  f ormiJa  probably  three  times  as  great.  Corresponding  molecular 
weight,  162.6.  Specific  gravity,  3.18.  Molecular  volume,  51.1. 
Color,  white,  reddish,  violet,  brown,  olive-green.     Hardness,  7.5. 

SUlimanite  or  fibrolUe. — Orthorhombic.  Composition  and  lowest 
molecular  weight  the  same  as  for  andalusite.  Specific  gravity,  3.2. 
Molecular  volume,  50.8.  Color,  grayish  white,  grayish  brown,  pale 
green,  brown.     Hardness,  6  to  7. 

Kyanite  or  cyanite. — Triclinic.  Composition,  etc.,  as  with  anda- 
lusite and  sillimanite.  Specific  gravity,  3.6.  Molecular  volume,  45.2. 
Color,  commonly  blue,  sometimes  white,  gray,  or  green.    Hardness,  7. 

These  three  minerals  are  of  peculiar  interest  because  of  their  iden- 
tity in  chemical  composition.  Thoy  undoubtedly  differ  in  chemical 
structure,  and  kyanite  possibly  differs  from  the  other  two  in  molecu- 
lar weight,  but  upon  the  latter  point  the  evidence  is  not  conclusive. 
Andalusite  and  sillimanite  are  commonly  regarded  as  basic  ortho- 
silicates,  and  kyanite,  on  account  of  its  greater  resistance  to  the 
action  of  acids,  has  been  interpreted  by  P.  Groth  as  a  metasilicate, 
(AlOjSiOj.^  In  an  interesting  investigation  by  W.  Vemadsky  * 
it  is  shown  that  both  andalusite  and  kyanite  are  transformed  into 

>  Zeitschr.  Deiltsch.  geol.  Gesell.,  vol.  36,  1SS4,  p.  612.    On  the  topar-bearing  rocks  of  Gunong  Bakau, 
Malay  Statos,see  J.  B.  Scrivenor,  Quart.  Jour.  Geol.  Soc,  vol.  70, 1914,  p.  3o3. 
■  Am.  Joar.  Sci.,  4th  ser.,  vol.  11, 1901,  p.  25. 

•  See  W.  Cross,  idem,  3d  ser.,  vol.  31, 1886,  p.  432. 

«  For  a  complete  study  of  this  alteration,  see  F.  W.  Clarke  and  J.  S.  Diller,  Bull.  U.  S.  Geol.  Survey 
No.  27, 1886.    See  also  A.  Atterberg,  Geol.  Fdren  Fdrhandl.,  vol.  2, 1K74-75,  p.  402. 
» Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  40, 1888,  pp.  651  et  seq. 

•  W.  Vernadsky,  Bull.  Soc.  min.,  vol.  13, 1890,  pp.  259-260. 

'  A  different  but  not  very  plausible  interpretation  of  those  sj>ccics  has  been  offered  by  K.  ZulkowskJ, 
Monatsh.  Chemie,  vol  21, 1900,  p.  1086. 

•  Bull.  Soc.  min.,  vol.  13, 1890,  p.  256;  Compt.  Rend.,  vol.  110, 1890,  p.  1377.    For  earlier  syntheses  of  theae 
minerals,  by  Daubr^e,  Deville  and  Caron,  Fremy  and  Fell,  Meunier,  and  Hautefeuille  and  Margottet,  see 
I*.  Bourgeois,  Reproduction  artificielle  dcs  min6raux,  pp.  119, 120.    The  processes,  cxce^  thel^s,l,V«N^\N^ 
the  use  of  aluminum  fluoride,  siUcoD  ffuoride,  or  silicon  chloride,  and  ww^  t\iw^\ot^Vndix^\.. 
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aiilimanite  by  simidy  iie&tmg  to  a  temperature  between  1,320°  and 
1^360°.  Sillimaiute,  thareforo,  is  the  most  stable  of  the  three  species^ 
at  least  under  pyrogeuie  conditions.  Yemadsky  has  identified  it  ms 
an  essential  constituent  of  hard  porcelain.  He  also  obtained  aiili- 
manite by  fusing  silica  and  alumina  together.  This  sjm thesis  has 
also  been  effected  by  E.  S.  Shepherd  and  G.  A.  Tlankin,*  who  find  that 
sillimanite  is  the  only  one  of  the  throe  silicates  which  is  stable  in  the 
pure  melt.  They  also  confirm  the  statement  that  kyanite  and 
andalusite  pass  into  sillimanite  when  strongly  heated.  Their  arti- 
ficial sillimanite  melted  at  1,811®.  A.  Reich,'  by  heating  aluminimi 
fluoride  with  silica  to  strong  redness,  obtained  a  mixture  of  silli- 
manite and  corundum.  Tlie  conditions  under  which  sillimanite  can 
form  mamiaticallv  have  also  been  determined  by  J.  Morozewicz.* 
In  the  magmatic  mixture  RO.TwAljOa.rjSiO,,  if  magnesia  and  iron 
are  absent,  m=l,  and  n  is  greater  than  6,  sillimanite  is  developed. 
K.  Dalmer  ^  has  reported  the  alteration  of  a  chlorite-mica  phylUte 
into  a  mixture  of  anddiusite  and  biotite. 

Andalusite  is  a  mineral  of  the  metamorphic  schists,  and  is  espe- 
cially common  in  the  contact  zones  of  clay  slate  near  dikes  of  granite 
or  diorite.  It  is  also  found  in  Archean  gneiss  and  mica  schist,  and 
sometimes  as  an  accessory  in  granite.  In  the  Inyo  Range,  Calif amia, 
A.  Knopf  ^  found  a  large  body  of  rock  consisting  almost  entirely  of 
massive  andalusite. 

Sillimanite  is  common  in  the  crystalline  schists,  particularly  in 
feldspathic  gneiss,  and  in  cordierite  gneiss.  It  is  often  found  intt^r- 
grown  with  quartz. 

Kyanite  also  occurs  in  crystalline  schists,  such  as  gneiss,  mica 
schist,  paragonite  schist,  and  eclogite.  It  is  often  embedded  in 
quartz,  and  has  been  reported  in  limestone.* 

Andalusite  alters  to  muscovite,^  and  sometimes  also  to  chlorite  and 
kaolin.^  J.  Lemberg,*  by  heating  andidusite  or  kyanite  with  alkaline 
silicates  or  carbonates  imder  pressure,  converted  them  into  zeo&tic 
substances,  C.  Doelter/®  upon  heating  andalusite  with  potassium 
carbonate  and  fluoride  during  several  weeks  at  250°,  observed  the 
formation  of  scales  of  mica. 

It  has  already  been  stated  that  the  empiric^d  formulse^  for  topaz 
and  andalusite  should  probably  be  tripled,  a  suggestion  which  is 

t  Am.  Jour.  iSci.,  4th  ser.,  vol.  28, 1900,  p.  293.    See  also  W.  Eitel,  Zettschr.  anorg.  Cbem^  vol.  88, 1914, 
p.  173. 

«  Monatsli.  Chemie,  vol.  17, 1896,  p.  190. 

•  Min.  pet.  Mitt.,  vol.  18, 188S,  p.  72. 

*  Neues  Jahrb.,  1897,  Band  2,  p.  166. 

» Jour.  Washington  Acad.  Sci.,  vol.  7, 1917,  p.  549. 

•  J.  Kovaf,  Zcitschr.  Kryst.  Min.,  vol.  34, 1901,  p.  704. 
f  A.  Gramann,  Neues  Jahrb.,  Bd.  2, 1901,  p.  193. 

■  P.  E.  Hacfcle,  Zoitschr.  Kryst.  Min.,  voL  23, 1894,  p.  65L 

*  Zeitaehr.  Deotsch.  geol.  Oes^.,  toI.  40, 1888,  p.  B5L 
*  AUfemeineefaeniisotlie  lOneimloKici,  p.  907. 
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based  partly  upon  thair  alterability  iiiU)  muscovite.     On  this  basis 
the  three  ^>ecieB  compare  as  follows: 

Andalttrite Al^SiOJ^AlOV 

Topaz Al3(SiO,),(AlFa)a. 

MuBcovite Al,(Si04),Ke:,: 

BTATTKOLXTE. 

Orthorhombic.  Composition,  HFeAlgSijOij,*  with  a  little  mag- 
nesia or  sometimes  manganese  oxide  replacing  a  part  of  the  iron. 
Molecular  weight,  457.2.  Specific  gravity,  3.7.  Molecular  volume, 
123.     Color,  brown  to  black.     Hardness,  7  to  7.5. 

No  authentic  synthesis  of  staurolite  has  yet  been  recorded.  The 
substance  obtained  by  H.  Sainte-Claire  Deville  and  H.  Caron  *  by 
the  action  of  silicon  fluoride  upon  a  heated  mixture  of  alumina  and 
quartz,  and  called  staurolite  by  them,  had  nearly  the  composition 
of  sillimanite.*  P.  Hautefeuille  and  J.  Maigottet,*  in  their  memoir 
upon  the  synthesis  of  certain  phosphates,  also  mention  the  produc- 
tion of  a  mineral  resembling  staurolite  but  give  no  further  details. 

Staurolite  is  a  mineral  of  the  metamorphic  schists,  especially  of 
muscovite  or  paragonite  schist,  and  some  gneisses  or  slates.  It  is 
often  associated  with  kyanite.  Staurolite  alters  into  muscovite.* 
The  reported  alteration  into  steatite  is  very  questionable. 

LAW80NITE. 

Orthorhombic.  Composition,  H^CaAljSi^Ojo.  Molecular  weight, 
315.1.  Specific  gravity^  3.00.  Molecular  volume,  102.  Color,  pale 
blue  to  grayish  blue.     Hardness,  8.25. 

Lawsonite  was  discovered  by  F.  L.  Ransome  •  in  1895,  in  a  glauco- 
phane-bearing  schist  from  Tiburon  Peninsula,  California.  It  has 
since  been  found  by  S.  Franchi  and  A.  Stella  '  in  the  metamorphic 
schists  of  the  -^Vlps;  by  C.  Viola  ^  in  the  saussuritizcd  gabbros  of 
southern  Italy;  and  by  A.  Lacroix  ®  in  similar  rocks  and  glaueo- 
phane  schists  from  Corsica  and  New  Caledonia.  J.  P.  Smith  *"  has 
recently  described  lawsonite  rocks  from  several  localities  in  Cali- 
fornia, especially  a  la^-sonite-glaucophane  schist  and  a  lawsonite- 
glaucophane  gneiss.     Tlie  latter  rock  carried  about  25  per  cent  of 

I  Established  by  S.  L.  Penfleld  and  J.  H.  Pratt,  Am.  Jour.  Sci.,  3d  ser.,  voL  47, 1894,  p.  81. 
t  Compt.  Rend.,  vol.  46, 1S5S,  p.  70-1. 

•  H.  Sainte-Claire  Deville,  idem,  voL  52, 1861,  p.  7S0. 
4  Idem,  vol.  90, 1883,  p.  1052. 

•  See  analysis  in  Bull.  U.  6.  Geol.  Survey  No.  2a0, 1903,  p.  51. 

•  Bull.  Dept.  Geology  Univ.  (California,  vol.  1,  1895,  p.  301.  Sec  also  F.  h.  Ransome  and  C.  Palaehe, 
Zeitschr.  Kryst.  Miu.,  vol.  25,  1896,  p.  531;  and  W.  T.  Sohaller  and  W.  F.  IliUebrand,  Bull.  U.  S.  Gwl. 
Survey  No.  262, 1905,  p.  58. 

»  Cited  by  P.  Termier,  Bull.  Soc.  min.,  vol.  20,  1897,  p.  5.    See  also  Termier,  idem,  vol.  27, 1904,  p.  J65. 

•  Zeitschr.  Kryst.  Min.,  vol.  28, 1897,  p.  553. 

•  Bull.  Soc.  min.,  vol.  20,  1897,  p.  309. 

w  Proc.  Am.  Philos.  Soc.  vol.  45, 1907,  p.  183.  See  also  A.  S.  Eakle,  Bull.  Dept.  Geology  Univ.  C«Ufor* 
nia,  vol.  5, 1907,  p.  82. 
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lawsonitc.  The  mineral  is  evidently  of  widespread  ocGurrmee.  Its 
formula  suggests  a  derivation  from  anorthite,  by  assumption  of  two 
molecules  of  water.  Upon  fusion,  lawsonite  would  imdoubtedly  yield 
anorthite. 

According  to  F.  Cornu,*  the  compound  H^CaAljSijO,  is  dimor- 
phous. Lawsonite  is  one  modification;  the  other,  isometric,  he  has 
named  hibschite.  It  was  found  enveloping  garnet  as  an  inclusion 
in  the  phonolite  of  Aussig,  Bohemia. 

DXJMOBTIERITE. 

Orthorhombic.  Composition,  .VlgHESijOjo.'  Molecular  weight, 
634.  Specific  gravity,  3.3.  Molecular  volume,  192.  Color,  blue, 
bluish  green,  rose,  lavender,  or  black.     Hardness,  7. 

Dumortierite  was  originally  discovered  in  a  pegmatite  gneiss  near 
Lyons,  in  France.  It  has  since  been  found  in  Germany,  Austria, 
Norway,  Argentina,  and  at  several  localities  in  the  L^nited  States.' 
It  has  been  observed  in  pegmatite,  in  cordierite  gneiss,*  in  granite, 
and  in  certain  quartz  rocks  associated  with  kyanite  (Arizona),  sil- 
limanite  (California),  and  andalusite  (Washington).  Muscovite  is 
also  one  of  its  companions,  and  Schaller  has  observed  its  alteration 
into  muscovite.  In  Humboldt  Coun tj',  Nevada,  A. Knopf*  discovered 
a  rock  consisting  largely  of  dumortierite  and  quartz.  It  covered  a 
large  area,  and  the  dumortierito  ranged  from  blue  to  a  rich  rose  in 
color.  Dumortierite  as  a  rule,  however,  is  an  iuconspicuous  mineral| 
except  for  its  usual  bright-blue  color,  and  is  probably  not  at  all  rare. 
Its  close  relationship  to  andalusite,  sillimanite,  and  kyanite  is  obvious. 
According  to  W.  Vcrnadsky,*  dumortierite,  at  a  white  heat,  is  con- 
verted into  sillimanite.     What  other  product  is  formed  at  the  same 

time  is  not  stated.' 

TOURMALINE. 

.Rhombohcdral.  Composition,  a  com])lex  borosilicate  of  aluminum 
and  other  bases.  Color,  white,  j'cllow,  brown,  green,  red,  blue,  and 
black.     Specific  gravity,  2.98  to  3.20.     Hardness,  7  to  7.5. 

Tourmaline  really  represents  a  group  of  isomorphous  species,  whose 
chemical  relations  are  not  j'ct  completely  understood.  There  are, 
however,  three  distinct  types,  as  follows: 

>  Min.  pet.  Mitt.,  vol.  25, 1906,  p.  249. 

»  As  dotennmcd  by  W.  T.  Schaller,  BuU.  V.  S.  Gcol.  Survey  No.  2t'.2, 1905,  pp.  91  120.  See  also  W.  E. 
FcMrd,  Am.  Jour.  Scl.,  4lh  ser.,  vol.  4, 1902,  p.  426.    Ford's  formula  differs  slightly  from  Schaller's. 

'See  Schaller's  memoir,  cited  above,  for  a  full  summary  of  the  kno\vii  locahties  and  a  bibliography  of 
the  species. 

«  See  A.  Lacroix,  Bull.  Soc.  min.,  vol.  12, 1SS9,  p.  211. 

»  Private  communicaiion. 

•  Bull.  Soc.  min.,  vol.  13, 1890,  p.  256. 

»  G.  I.  Finlay  (Jour.  Geology,  vol.  15, 1907,  p.  479)  reports  dumortierite  and  corundum  as  original  pyro- 
gem'c  constituents  of  a  pegmatite  dike  near  Canon  City,  Colorado. 
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Alkali  tourmaline:  Contains  lithium  or  sodium,  sometimes  potas- 
sium in  less  amoimt.  Found  in  pegmatites,  with  muscovite  and 
lepidolite. 

Magnesium  tourmaline:  Chief  base,  after  aluminum,  magnesium. 
Often  found  in  limestone  or  dolomite,  with  phlogopite  as  the  accom- 
panying mica. 

Iron  tourmaline:  The  common  black  variety,  which  alone  is  signifi- 
cant as  a  rock-making  mineral.  Contams  iron  in  place  of  magne- 
sium.    Associated  commonly  with  muscovite  or  biotite. 

Between  these  distinct  types  there  are  various  intermediate  mix- 
tures, and  also  rare  examples  in  which  a  httle  chromium  appears, 
partly  replacing  aluminum. 

Over  the  chemical  formula  of  tourmaUne  there  has  been  much  dis- 
ciission,  and  no  set  of  expressions  can  be  assumed  as  final.*  The 
following  formulae  seem  to  be  best  sustained  by  evidence:' 

(1)  AUR'^SieBgOai. 

(2)  AlyR^gSiftBaOgi. 

(3)  Al,R^,,Si^B,03i. 

In  No.  3  the  R'  is  largely  replaced  by  R",  which  may  be  Fe  or  Mg. 
Hydrogen  is  important  among  the  components  of  R'.  Fluorine  is 
also  commonly  present  in  small  amounts.  The  general  formula 
Al:iR,(B0H)2Si,0i„  proposed  by  S.  L.  Penficld  and  H.  W.  Foote,^ 
is  preferred  by  some  authorities. 

Tourmaline  has  not  as  yet  been  produced  synthetically.  The  rock- 
forming  iron-bearing  variety  is  commonly  found  in  the  older  and  more 
highly  siliceous  igneous  and  granular  rocks,  such  as  granite,  syenite, 
and  diorite.  It  is  also  abimdant  in  mica  schists,  clay  slates,  and 
other  similar  matrices.  It  forms  in  some  cases  at  the  contact  between 
schists  and  granite,  and  may  be  abundant  enough  to  characterize  an 
occurrence  as  a  tourmahne  homstone.  In  igneous  rocks  it  seems  to 
have  been  produced  by  fumarole  action,  and  not  as  a  direct  separation 
from  the  magma.  H.  B.  Pat  ton  ^  regards  the  tourmahne  of  certain 
schists  in  Colorado  as  having  been  formed  at  the  expense  of  the  bio- 
tite contained  in  the  pegmatites  adjoining  the  contact  zone. 

TourmaUne  alters  to  mica,  clilorite,  and  cookoite.  I'pon  fusion, 
according  to  C.  Doelter,^  tourmaline  yields  oUvine  and  spinel. 

>  Sec  C.  Rammelsberg,  Xeues  Jahrb.,  1890,  Band  2,  p.  149.  A.  Kenngott,  idem,  1892,  Band  2,  p.  44. 
G.  Tschermak,  Min.  pet.  ifitt.,  vol.  19, 1S99,  p.  155;  Zeitschr.  Kryst.  Min.,  vol.  35, 1899,  p.  206.  V.  Oold- 
schmidt,  Zeitschr.  Kryst.  Min.,  vol.  17, 1S90,  pp.  52,  61.  R.  Schariier,  idem,  vol.  15,  1889,  p.  337.  PI. 
Jannasch  and  G.  Calb,  Ber.  Deutsch.  chem.  Gesell.,  vol.  22, 1889,  p.  216.  H.  Rhcineck,  Zeitschr.  Kryst. 
Ifin., vol.  17, 1890, p. 604;  vol. 22, 1894, p. 52.  K.  A.  WOlfing,  Min. pot.  Mitt. ,  vol.  10, 188^, p.  161;  P.  Reiner, 
Inaug.  Diss.  Heidelberg,  1913;  W.  T.  Schaller,  Zeitschr.  Kryst.  Min.,  vol.  51,  p.  321, 1913. 

«  Bull.  U.  S.  Geol.  Survey  No.  167, 1900,  p.  20;  Am.  Jour.  Sci. ,  4th  ser.,  vol.  8, 1899,  p.  111.  Also  in  Bull. 
U.  S.  Oeol. Sm^ey  No. 588, 1914. 

•Am.  Jour.  Sci. ,4th  ser.,  vol.  7, 1S99,  p.  97;  vol.  10, 1900,  p.  19. 

*  Bull.  Geol.  Soc.  America,  vol.  lO,  1S98,  p.  21. 

» Neues  Jahrb. ,  1897,  Baod  1 ,  p.  1 . 
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Hexagonal.  Normal  compoBition,  Al^GljSi^Oig.  Mcdecular  weiglit, 
639.9.  Specific  gravity,  2.7.  Molecular  volume,  200.  ColorleBSy 
white,  more  commonly  gre^i,  sometimes  yellow,  blae,  or  rose.  Hard- 
ness, 7.5  to  8. 

Although  normal  beryl  has  the  composition  given  above,  the  min- 
eral generally  varies  from  it.  S.  L.  Penfield  ^  has  shown  that  many 
beryls  contain  alkalies,  replacing  glucina,  and  also  some  combined 
water,  up  to  nearly  3  per  cent.  A  beryl  from  Hebron,  Maine,  con- 
tained 3.60  per  cent  of  CsjO.  A  beryl  analyzed  by  J.  S.  De  Benne- 
ville '  carried  2.76  per  cent  of  K^O;  and  F.  C.  Robinson,'  in  another 
example,  found  2.76  per  cent  of  PjOg. 

J.  J.  Ebelmen  *  succeeded  in  recrystaUizing  beryl  by  fusion  with 
boric  oxide.  P.  Hautefeuille  and  A.  Perrey  *  obtained  it  in  crystab 
by  fusing  a  mixture  of  alumina,  glucina,  and  silica  with  the  same 
flux.  H.  Traube*  precipitated  a  solution  containing  aluminum  sul- 
phate and  glucinum  sulphate  with  sodium  metasilicate,  and  crystal- 
lized the  product  from  fused  boric  oxide  in  the  same  way.  In  both 
of  the  cases  just  cited,  the  beryl  obtained  was  identified  crystallo- 
graphically  and  by  analysis. 

Beryl  is  a  common  accessory  in  pegmatite  veins.  It  is  also  found 
in  clay  slate  and  mica  schist.  It  alters  into  mica  and  kaolin^  when 
the  removed  glucina  generally  appears  as  a  constituent  of  other 
secondary  minerals,  such  as  bertrandite^  herderite,  or  beryllonite. 
Although  beryl  is  not  conunonly  included  by  petrographers  in  their 
lists  of  rock-forming  minerals,  it  seems  entitled  to  recognition  in  a 
*'  chapter  of  this  kind. 

SEBPENTINE,  TALC,  AND  KAOLINITE. 

Serpentina. — Optically  monoclinic,  but  not  known  in  true  crystals. 
Composition,  H^MgjSijOg.  Molecular  weight,  278.  Specific  grav- 
ity, 2.5  to  2.6.  Molecular  volume.  109.  Color  commonly  green, 
often  yellowish. 

Hydrous  magnesian  silicates  are  easily  prepared  by  various  wet 
reactions,  but  these  syntheses  have  little  or  no  significance  in  the 
interpretation  of  serpentine.'  The  mineral  occurs  in  nature  only  as 
a  secondary  product,  derived  !)y  hydrous  alteration  from  olivine, 
hornblende,  actinolite,  enstatite,  diopside,  chondrodite,  and  other 
magnesian  minerals.     Large  rock  masses  are  frequently  found  whidi 

1  Am.  Jour.  Sdi. ,  3d  ser. ,  rol.  28, 1884,  p.  25;  vol,  36, 1888,  p.  317. 
s  Jour.  Am.  Chem.  Soc.,  vol.  16, 18M,  p.  65. 

*  Jotrr.  Anal,  and  Appl.  Chem. ,  vol.  6, 1892,  p.  510. 
4  Annates  chim.  phys.  ,Sd  ser.,  vol.  22, 1848,  p.  237. 

*  Compt.  Rend. ,  vol.  106, 1888,  p.  1800. 

*  Neues  Jahrb.,  1894,  Band  1,  p.  275. 

7  See,  for  example,  A.  Gages,  Rept.  Brit.  Assoc.,  1863,  p.  203.    Oage's  preduot  reaembled  dmrtofUti. 
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have  become  transformed  into  impure  serpentine.  Gabbro/  perido- 
tite,'  and  ampbibolite'  may  wideigo  this  ehange«*  Tbe  aUefatiTe 
process,  however,  does  not  end  here.  Serpentine  itself  may  midergo 
further  alteration^  yielding  brucite,  magnesite,  hydromagnesite,  etc. 
R.  Braims  *  has  described  a  derivative  of  serpentine,  which  he  calls 
webskyite,  HeMg^SigOig. 611,0;  and  F.  W.  Clarke  •  has  reported  an 
apparent  serpentine  which  proved  upon  analysis  to  be  nearly  60  per 
rent  brucite.  By  solfataric  action  serpentine  may  lose  its  magnesia 
in  the  forms  of  sulphate  or  carbonate  and  become  transformed  into  a 
mass  of  quartz  and  opalJ  When  serpentine  Is  fused  it  yields  a  mix- 
ture of  olivine  and  enstatite." 

Talc. — ^Monoclinic.  Composition,  H^MgjSi^Ojv.  Molecular  weight, 
380.8.  Specific  gravity,  2.7  to  2.8.  Molecular  volume,  138.  Color, 
white  to  green.  The  name  talc  is  commonly  appUed  to  the  foliated 
varieties;  the  massive  mineral  is  called  steatite. 

Talc  is  common  as  a  pseudomorphous  mineral,  derived  from  other 
magnesian  species,  often  from  tremoUte  or  enstatite."  Assuming  the 
change  to  be  brought  about  by  carbonated  water,  the  reactions  may 
be  simply  written  as  foUo^^s: 

CaMggSi.O,.  +  H,0  +CK),  =  Il.Mg3Si,0,,  -f-CaCOg. 
Mg,Si,0,,  +  H3O  +C0,  =  n,Mg,Si,0„  +  MgCO,. 

The  talc  thus  produced  is  not  infrequently  asscxiated  with  marble 
or  dolomite.  The  most  important  occurrence  of  talc,  however,  from 
a  geological  point  of  view,  is  in  the  form  of  talcose  schist. 

According  to  F.  A.  Genth,  talc  may  alter  into  anthophylUte.^** 
When  talc  is  ignited,  it  loses  water,  and  one-fourth  of  the  silica  is 
spUt  off  in  the  free  state.^*  The  residue  after  removing  tlie  hberated 
silica,  has  the  composition  MgSiOj. 

A  number  of  other  hydrous  magnesian  silicates  occur  as  secondary 
minerals,  such  as  dewe\"lite,  saponite,  etc.:  but  they  are  geologically 
imimportant. 

Kaolinite, — ^Nlonoclinic.  Composition,  H4AljSi209.  ^lolecular 
weight,  259.  Specific  gravity,  2.6.  Molecular  volume,  99.6.  C^olor^ 
white,  often  tinted  by  impurities. 

»  See  L.  Flnckh,  Zeitschr.  Deutsclu  geol.  Geseil.,  vol.  SO,  1898,  p.  108. 

«S€eG.  n.  Williams.  Am.  Jour.  Sci., 3d  ser.,  vol.34, 1887, p.  137. 

«  See  J.  H.  Jaquet,  Rec.  Treol.  Survey  New  South  Wales,  vol.5, 1905,  p.  18. 

*  Pot  geaoal  discussion  overtheorigin  of  serpentine,  see  G.  F.  Becker,  Mon.  U.S.  Geol.  Surx-ey,  vol.  13, 
1888,  pp.  108  et  seq.;  and  J.  J.  U.  Teall,  British  petrography.    The literatare  is  very  abundant. 

*  NeuesJahrh., Bell.  Baud  5,1887,  p.  318.  Brauns  discusses  the  different  varieties  ofserpentine fully  and 
ettes  mach  literature. 

*  Bun.  U.  S.  Geol.  Survey  No.  362, 1905, p. 69. 

» See  O.F.  Becker,  Mon.  U.  S.  Geol.  Survey ,  vol.  13, 18SH,  pp.  lOSet  seq.;  also  A.  I.acroix,  Compt.  Rend., 
vol.  134, 1897,  p.  513. 

*  Daubr^;  see  ante,  p.  372,  under  Enstatite. 

*  SeeC.  H.  Smyth,  School  of  Mines  Quart.,  vol.  17, 1896,  p.  333,  and  J.H.  Pratt,  North  Carolina  GeoU 
Survey,  Economic  Paper  No.  3. 

«•  Proc.  Am.  Philos. Soc.,  vol. 20, 1882,  p.  3S1. 

u  F.  W.  Clarke  and  E.  A.  Schneider,  Bnll.  U.  S.  Geol.  Survey  l?o.7%,  \WV,p.  W 
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Known  only  as  a  secondary  mineral,  the  product  of  hydrous  alter- 
ation of  other  species.    Derived  chiefly  from  feldspars. 

Halloysite,  cimolite,  ncwtonite,  montmorillonite,  pyrophyllite,  and 
allophane  are  other  hydrous  silicates  of  aluminum.  They  need  no 
consideration  here. 

THE  ZEOLITES. 

Under  the  general  term  zeolites  are  included  a  number  of  impor- 
tant minerals,  which,  however,  do  not  strictly  belong  to  the  rock- 
making  class.  They  occur  in  eruptive  rocks  only  as  secondary  prod- 
ucts, except  in  the  noteworthy  case  of  analcite,  which  has  already 
been  described.     The  more  important  zeolites  are  the  following: 

Heulanditc CaAljSi^Oje.oHaO. 

Stilbite CajVljSi«0u.6H,0. 

Lamnontitc CaAl,Si40ia.4H20. 

Chabazite CaAl2Si40ia.6H30. 

Thomsonite CaAlisiaOg.2iH30. 

Soolerite CaAl2Si,0,o.3H,0. 

Xatrolite XajAlaSi30io.2H,0. 

Ilydronephelite ' HXaaAlgSiaOia-aHaO. 

To  these  may  be  added  ptilolite,  mordenite,  brewsterite,  epistilbite, 
ptiillipsite,  gismondite,  laubanite,  gmelinite,  levynite,  faujasite, 
edingtonite,  mesolite,  erionite,  wellsite,  and  perhaps  other  species.  As 
a  rule,  in  the  lime-bearing  zeolites  a  part  of  the  lime  may  be  replaced 
by  other  bases,  generally  by  soda.  Potassiimi,  however,  is  foimd  in 
notable  quantities  in  phiUipsite,  harmotome,  edingtonite,  and  wells- 
ite, and  strontium  in  brewsterite  and  wellsite.  The  formula  given 
above  are  general  and  empirical,  nothing  more;  but  they  suggest 
some  paragenetic  relations.  Stilbite  and  hculandite  seem,  for  exam- 
ple, to  be  derivatives  of  an  unknown  calcimn-albite;  and  in  general 
the  zeolites  appear  to  have  been  formed  from  feldspars  or  feldspa- 
thoids.  Anorthito  and  nephelite  are  common  parents  of  zeolitic 
minerals.  Pectolite,  okenite,  gj^rolito,  and  apophyllite  *  are  other 
secondary  minerals  whose  mode  of  occurrence  is  like  that  of  the  true 
zeolites,  and  possibly  the  species  prehnite  and  datolite  should  on 
genetic  grounds  bo  grouped  with  them.  ^Cneralogically  these  min- 
erals are  classed  elsewhere;  it  is  only  as  regards  their  mode  of  forma- 
tion that  tliey  are  mentioned  now. 

Many  syntheses  of  zeolites  and  zeolitic  compounds  are  recorded, 
and  several  species  have  been  recrystallized  from  solution  in  super- 
heated waters.  The  syntheses  were  necessarily  effected  by  hydro- 
chemical  reactions,  either  operating- upon  such  minerals  as  anorthite 
or  nephelite,  or  by  double  decomposition  between  aqueous  solutions. 
H.  Sainte-Claire  Deville,^  for  example,  produced  pliillipsite,  levyn- 

1  On  apophylUte as  a  rock-forming  mineral,  see  F.  Coma,CentraIbl.  Kin.,Geol.a.  Pal.,lM7,p.a3ft.  8m 
also  7.  £.  Hibsch  (Min.  pet.  Mitt.,  vol. 33, 1915,  p.  340)  on  primary  seolites. 
»Compt  Rend.,  vol.  54, 1862,  p.  324. 
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ite,  and  gmdinite  by  heating  solutions  of  potassium  silicate  with 
sodium  or  potassium  aluminate  to  170°.  C.  Doelter  ^  prepared  apopfa- 
yllite,  okenite,  chabazite,  heulandite,  stilbite,  laumontitei  thomsonite, 
natrolite,  and  scoledte  by  yarious  processes;  and  J.  Lembeig'  has 
shown  that  zeolites  can  be  generated  from  one  another  by  the  action 
at  moderately  high  temperatures  of  suitable  reagentSj  such  as  the 
alkaline  carbonates  and  silicates.  The  syntheses  of  analcite  by  De 
Schulten  and  Friede)  and  Sarasin  have  ah-eady  been  described.'  At 
the  hot  springs  of  Plombidres  A.  Daubr^  ^  foimd  zeolites  which  had 
been  produced  by  the  action  of  the  percolating  waters  upon  the 
cement  and  brick  work  of  the  old  Roman  baths.  Chabazite,  phiUips- 
itCi  apophyllitCi  and  gismondite  were  identified,  and  similar  develop- 
menta  were  afterward  discovered  at  other  hot  springs  in  Prance  and 
Algeria.* 

High  temperatures,  however,  are  not  essential  to  the  formation  of 
zeolites.  Phillipsite  has  been  found  abundantly  in  volcanic  mud 
dredged  up  from  the  bottom  of  the  Pacific  Ocean;*  and  A.  Lacroix  ^ 
discovered  several  of  the  species  under  conditions  which  showed  a 
recent  origin  from  cold  percolating  waters." 

THE  CARBONATES. 

CkUciie. — Rhombohedral.  Composition,  CaC03.  Molecular  weight, 
100.1.  Specific  gravity,  2.72.  Molecular  volume,  36.8.  Hardness, 
3.    Normally  colorless,  but  often  variously  colored  by  impurities. 

Aragonite. — Orthorhombic.  Composition,  CaCO,,  like  calcite. 
Specific  gravity,  2.94.  Molecular  volume,  34.  Hardness,  3.5  to  4. 
Color,  white,  but  often  tinted  by  impurities. 

Dolomite. — ^Rhombohedral.  Composition,  CaMgC^O^.  Molecular 
weight,  184.5.  Specific  gravity,  2.83.  Molecular  volume,  65.2. 
Hardness,  3.5  to  4.  Normally  colorless  but  often  tinted  pink  or 
brown. 

Magnesite. — Rhombohedral.  Composition,  MgCOj.  Molecular 
weight,  84.4.  Specific  gravity,  3.0.  Molecular  volume,  28.1.  Hard- 
ness, 3.5  to  4.5.     Color,  white  to  brown. 

Siderite, — ^Rhombohedral.  Composition,  FeCOj.  Molecular  weight, 
115.9.  Specific  gravity,  3.88.  Molecular  volume,  29.9.  Hardness, 
3.5  to  4.     Color,  gray  to  brown,  sometimes  white.     Breunnerite  and 

>  Neaes  Jahrb.,  1890,  Baad  1,  p.  US. 

«  Zeitschr.  Deutsch.  gcol.  O escll.,  vol.  2«,  1876,  p.  519.     On  artificial  roolitfs  sec  also  F.  Singer,  Piss., 
Tech.  Hoclischule,  Berlin,  1910. 

•  See  ant^  p.  309. 

•  I^tades  synthdtit^iies  do  g»^oIogi«'  exp^rimentale,  p.  179. 

•  Idem,  p.  199. 

•  ChaUenger  Rept.,  Narrative,  vol.  1,  pt.  2, 1885,  pp.  774,  815. 

»  Compt.  Rend.,  vol.  123,  1S96,  p.  761.    The  localities  described  are  In  the  Pyrenees.    I'lagiorlaso  and 
scapolite  were  the  parent  minerals. 

•  For  a  discussion  of  the  constitution  of  the  zeolites  sec  F.  W.  Clarke,  Hull.  1*.  P.  (;eol.  Survey  No.  %*«^ 

1914,  n>.  40-50. 
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mesitite  are  carbou&tea  intermediate  m  composition  between  aiderite 
and  magnfisite. 

All  these  carbonates  occur  in  igneous  rocks  as  aeoondaiy  or  altera- 
tion products.  Calcite  is  sometimes  apparently  of  primary  origin, 
but  not  certainly  so.  When  heated  under  ordinary  condidonsp  cal- 
cite dissociates  into  CaO  +00,;  but  under  great  pressures  it  may  be 
fused  without  decomposition.  It  is  not  impossible,  therefore,  that  it 
may  have  formed  in  some  cases  during  the  solidifioation  of  a  'magma 
at  great  depth.* 

Calcite  alone,  as  a  rock,  is  represented  by  marble,  limestone,  chalk, 
etc.,  and  is  therefore  a  most  important  mineral.  Dolomite  also  forms 
extensive  rock  masses.  Both  species  will  be  more  fully  consid^ed 
later  in  the  study  of  sedimentary  rocks. 

I  For  examples  of  primary  calcite  in  igneous  rocks  see  F.  D.  Aciams,  Am.  Jour.  Bci.,  3d  ser.,  vo^L  4^  18M, 
jk.  14;  T.  L.  Walker,  i^uart.  Jour.  Ueol.  8oc.,  vol.  5S,  1897,  p.  £5;  T.  H.  UoUaad,  Mea.  GeoL  Sunresr  India, 
¥oL  30, 1901,  p.  197;  O.  StuUer,  C«ntralbl.  ICin.,  OeoL  u.  Pal.,  1910,  p.  4S3;  Rachel  Woricman,  Oeol.  'Ma^ 
1911,  p.  Its.  Many  olheraxamplflB  are  on  record.  The  ooourrenoes  are  prlaoipally  in  granite  urnapiiflliae 
syenite. 


CHAPTER  XI. 

IGNEOUS  ROCKS. 

PREIilMINARY  CONSIDERATIONS. 

When  A  magma  sofidifies  to  form  a  rock,  it  ma  j  }>ee^iie  either  that 
mdeterminate  substance  known  as  glass  or  a  mixture  of  definite  ma- 
erai  species.  Between  these  two  stages  of  development  any  inteime- 
diate  phase  may  be  produced,  from  a  glass  oontaming  a  few  mdivid- 
uahzed  oystals  or  microlites  to  a  mass  of  crystalline  matter  with 
some  vitareous  remainder.  The  diaracter  of  the  product  wffl  depend 
npoB  a  variety  of  conditions,  such  as  the  composition  of  the  molten 
material,  the  rate  of  cooling,  and  the  circimistances  under  which  it 
cools.  If  solidification  takes  place  at  the  surface  of  the  earth,  as  in 
an  ordinary  volcanic  outflow,  one  set  of  consequences  will  follow;  if 
it  is  ^ected  under  pressure — ^that  is  at  ^eat  depth — ^the  gaseous 
contents  of  the  magma,  being  unable  to  escape,  will  play  a  part  in  the 
process,  and  detennine  the  formation  of  compounds  which  could  not 
otherwise  be  generated.  In  either  case  a  relatively  small  number  of 
these  will  form  in  preponderating  quantities.  If  we  consider  the 
igneous  rocks  statistically,  we  shall  find  that  in  the  average  they 
contain  the  f ollo>»4ng  minerals : 

Feld^ars 59. 5 

Hornblende  and  pyroxene 16. 8 

Quartz 1^.0 

Biotite 3.8 

Titanium  minerals 1. 5 

Apatite 6 

94.2 

The  less  abundant  rock-forming  minerals  will  make  up  the  remain- 
ing 5.8  per  cent.*  The  computation  is  by  no  means  exact,  but  it 
serves  to  illustrate  the  relative  importance  of  the  several  groups  or 
species.  Feldspars  predominate,  the  ferromagnesian  minerals  come 
next  in  abundance,  then  quartz,  and  after  that  all  other  species  as 
minor  accessories.  This  statement,  it  must  be  borne  in  mind,  deals 
with  averages  only.  Individual  rocks  may  contain  some  of  the  less 
frequent  minerals  as  principal  constituents,  such  as  olivine  in  tlie 
peridotites,  nepheUne  or  leucite  in  certain  syenites  or  basalts,  and  so 
on.  The  moment  we  begin  to  study  rocks  separately  we  shall  see 
that  they  vary  widely  from  the  mean. 

t  X  somewhat  different  estimste  is g iv«D  by  H.  6.  Washington  in  Praf.  Papar  V.  6.  G«^.  Burv^  Na.  14, 
1903,  p.  15&.   Its  ganeral  purpoit  «s,  however,  mwAk  the  same  as  Bdiia, 
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Being  mixtures,  the  igneous  rocks  represent  an  almost  infinite 
range  of  composition.  The  minerals  which  are  capable  of  simul- 
taneous generation  from  a  magma  may  be  commingled  in  various 
proportions.  Rocks,  therefore,  are  not  sharply  classifiable  upon  the 
basis  of  their  composition,  for  they  shade  into  one  another  through 
all  possible  gradations,  and  are  separable  by  no  precise  dividing  lines. 
A  mineral  is  a  distinct  stoichiometric  compound;  a  rock,  except  when 
ijb  happens  to  consist  of  one  mineral  alone,  is  not.  Mineralogically 
a  rock  may  be  quartz,  or  olivine,  or  hornblende,  or  pyroxene,  with 
very  little  impurity;  but  these  are  the  exceptional  cases.  Mixtures 
of  two  or  more  components,  in  variable  proportions,  form,  the  rule. 

Certain  mixtures,  however,  are  much  more  common  than  others 
and  are  represented  by  widely  diffused  and  abundant  rock  types. 
Granite,  for  example,  is  a  mixture  of  quartz  and  feldspar,  with  sub- 
ordinate ferromagnesian  minerals,  and  samples  from  different  parts 
of  the  world  are  surprisingly  similar.*  Absolute  identity  is,  of  course, 
out  of  the  question;  but  the  approximation  to  it  is  close  enough  to 
mark  out  what  we  may  regard  as  a  good  rock  species.  Upon  uni- 
formities of  this  kind  the  prevalent  classifications  of  the  igneous 
rocks  are  based.  The  more  frequent  mixtures  form  the  familiar 
types,  and  under  them  there  appear  an  infinite  number  of  varieties, 
representing  minor  differences  of  composition,  intermediate  forms, 
modes  of  occurrence,  textures,  genetic  relationships,  or  even  geologic 
age.  With  some  of  these  criteria  we  have  no  present  concern;  only 
the  chemical  aspects  of  rock  classification  fall  within  the  scope  of  th^ 
work.  Other  considerations  have  much  weight,  of  course,  but  it  is 
not  the  province  of  the  chemist  to  discuss  them. 

CLASSIFICATION. 

From  a  chemical  point  of  view  the  igneous  rocks  may  be  classified 
in  three  different  ways.  First,  on  the  basis  of  their  ultimate  compo- 
sition. Second,  by  their  proximate  units,  the  minerals  which  they 
contain.  The  latter  procedure  is  at  present  most  in  vogue,  but  the 
first  method  has  strong  advocates  and  may  possibly  prevail.  In  the 
third  place  we  can  start  from  the  conception  of  a  magma  as  a  solu- 
tion and  regard  the  eutectic  mixtures  as  the  definite  types  with  which 
the  igneous  rocks  shall  be  compared.  Let  us  consider  the  three 
propositions  separately. 

At  first  sight  the  mineralogical  classification,  a  classification  by  the 
compounds  which  a  rock  actually  contains,  would  seem  to  be  the 
simplest  and  most  reasonable.    In  practice,  however,  it  is  beset  with 

t  In  R.  A.  Daly's  paper  on  the  average  composition  of  igneous  rock  types,  Proc.  Am.  Acad.,  vol.  45, 1910^ 
p.  211,  the  clustering  of  analyses  around  "center-points"  is  strongly  emphasized.  For  the  average  specific 
gravity  of  rocks,  considered  group  by  group,  see  F.  Becke,  Sitsungsb.  K.  Akad.  Wiss.  Wien,  vol.  lao,  Abtlu 
1,  p.  265, 1911.   The  average  specific  gravity  of  958  igneous  rocks,  computed  by  F.  W.  Clarke,  Is  2.787. 
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difficulties.  A  perfectly  fresh,  unaltered,  entirely  crystalline  rock  is 
easy  to  describe  on  this  basis;  but  all  rocks  do  not  fulfill  these  con- 
ditions. In  some  rocks  the  mineralogical  development  is  obscure,  so 
that  essential  constituents  can  not  be  clearly  defined.  In  others  the 
development  is  incomplete,  a  certain  amount  of  undifferentiated  glass 
remaining  to  complicate  the  problem.  We  can  infer  in  such  cases 
what  minerals  should  form  if  the  devitrifying  process  were  ended; 
but  our  inferences  may  not  be  conclusive.  In  some  instances  sup- 
posed glass  has  proved  to  be  analcite,  and  misapprehensions  of  that 
order  are  not  easily  avoided.  This  objection,  of  course,  carries  little 
weight,  for  any  classification  is  liable  to  be  influenced  by  errors  of 
diagnosis.  Only,  other  things  being  equal,  that  classification  is  best 
in  which  the  liabilities  to  error  are  fewest.  The  fimdamental  diffi- 
culty of  all  is  inherent  in  the  nature  of  our  problem;  for  in  dealing 
with  mixtures  it  is  not  easy  to  establish  dividing  lines,  and  to  decide 
on  which  side  of  an  imaginary  boimdary  a  given  rock  should  be 
placed.  This  difficulty,  which  chiefly  affects  our  judgment  in  dealing 
with  intermediate  forms,  exists  in  all  rock  classifications.  It  can  only 
be  overcome  by  conventional  devices,  which  must  be  more  or  loss 
arbitrary. 

Some  of  the  difficulties  which  obstruct  a  miuoralogical  classification 
are  avoided  by  the  purely  chemical  system.  The  latter  rests  upon 
supposedly  good  analyses  of  rocks,  and  the  molecular  ratios  deduced 
from  the  analytical  data  are  the  ultimate  criteria.  Good  analyses  are 
easily  obtained;  their  discussion  involves  no  questionable  hypotheses, 
and  their  classification  is  comparatively  simple.*  But  is  a  classifica- 
tion of  analyses  a  classification  of  rocks  ?  That  question  needs  to 
be  considered  very  carefully. 

In  the  first  place  a  rock  mass  may  ])e  a  perfectly  definite  petro- 
graphic  imit  and  yet  not  be  homogeneous.  In  fact,  the  presence  of 
separately  distinguishable  minerals  in  it  is  evidence  of  heterogeneity. 
Suppose,  now,  that  two  analysts,  equally  competent,  receive  samples 
of  a  given  rock  taken  from  the  same  quarry  by  two  different  col- 
lectors. In  one  sample  the  phenocrysts  of  a  certain  mineral  are  a 
little  more  numerous  or  a  Uttle  larger  than  in  the  other.  The  two 
analyses  will  therefore  diverge,  and  the  same  rock,  because  of  their 
dissimilarities,  may  be  classified  under  two  distinct  headings.  Evi- 
dently, in  such  a  case,  something  more  than  analysis  is  needed  in 
order  to  define  the  nature  of  the  substance  under  examination. 
Chemically  at  least  the  nature  of  the  substance  is  the  essential  thing 
to  be  determined;  and  therefore  both  chemical  and  mineralogical  evi- 
dence must  be  taken  mto  account  together.  According  to  its  nature 
the  substance  is  to  be  classified. 

I  Such  a  classirutitlon  has  Wvn  proposed  t>y  U.  Warth,  Geol.  Mag.,  190rj,  p.  131,  and  elaborated  in  Proc. 
Roy.  SDC.  Edinburgh,  vol.  2S,  1907,  p.  8o. 

1137W—19—Bu1].  605 27 
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The  interdependence  of  the  two  schemes  of  claseificatioa  can  be 
brought  out  in  still  another  way.  It  is  a  commonplace  of  chemistry 
that  two  or  even  many  substances  may  have  absolutely  the  same 
percentage  composition  and  yet  be  very  different  in  their  molecular 
structiure  and  physical  properties.  Methyl  oxide,  for  instance,  is  a 
gas;  ethyl  alcohol  is  a  liquid;  and  yet  both  compounds  are  accu- 
rately represented  by  the  same  empirical  formula,  CsHgO.  Nor  is 
this  an  exceptional  case,  for  organic  chemistry  takes  cognizance  of 
similar  examples  by  the  thousand.  The  differences  are  ascribed  to 
different  arrangements  of  the  atoms  within  the  molecide,  and  the 
substances  which  exhibit  this  empirical  identity  are  said  to  be 
isomeric. 

Similar  instances,  although  not  so  sharply  defined,  and  by  no 
means  so  clearly  interpreted,  are  found  in  mineralogy.  The  pyroxenes 
and  amphiboles,  for  example,  have  in  general  the  same  molecular 
ratios,  while  enstatite  and  anthophyllite  are  alike  in  ultimate  com- 
position. Amphiboles,  by  fusion  alone,  are  transformable  into  pyrox- 
enes, and  the  reverse  change  takes  placo  when  pyroxene  is  altered  into 
uralite.  Two  rocks,  then,  aUke  in  composition  as  shown  by  analysis, 
and  magmatically  identical,  may  be  quite  different  mineralogically, 
the  one  containing  amphibole  and  the  other  pyroxene.^  Analytical 
data  will  lead  us  to  class  them  together;  mineralogical  considerations 
place  them  apart.  This  is  a  simple  case,  but  as  rocks  become  more 
complex,  the  chances  of  pseudoidentity  increase,  and  mixtures  that 
are  very  unlike  may,  as  interpreted  by  analysis  alone,  appear  to  be 
the  same.  Even  when  the  analyses  show  empirical  differences,  the 
molecular  ratios  may  become  identical,-  and  therefore  deceptive. 
Mere  analysis,  then,  does  not  furnish  a  complete  basis  for  rock  classi- 
fication. It  takes  us  one  step  toward  the  goal,  but  other  steps  must 
follow.  The  chemical  constitution  of  a  rock,  as  indicated  by  its 
proximate  ingredients,  b  fully  as  important  a  factor  in  its  classi- 
fication as  its  ultimate  composition. 

Two  suggestions,  intended  to  be  helpful  in  at  least  a  partial  classi- 
fication of  igneous  rocks,  may  be  noticed  briefly  here.  A.  N.  Win- 
chell  ^  proposes  to  divide  the  rocks  into  three  classes,  peralkaline, 
alkaline,  and  alkalcic.  The  first  class  includes  such  rocka  as  the 
nepheline  syenites,  which  contain  a  high  proportion  of  alkalies.  The 
second  class  comprises  those  which  are  characterized  by  feldspathio 
minerals.  In  the  third  class  are  placed  the  rocks  which  are  relatively 
deficient  in  alkalies.     The  other  suggestion,  by  S.  J.  Shand,'  provides 

1  For  example,  H.  Andesner  (Neues  Jahrb.,  Beil.  Band  30, 1910,  p.  467)  fused  a  hornblendlte  containing 
principally  hornblende,  and  some  zoisite,  quartz,  nitile,  and  apatite.  Tiie  product  had  the  character  oi 
a  basalt,  with  microscopic  crystals  of  magnetite,  augitc,  and  plagioclase. 

« Jour.  Geology,  vol.  21,  p.  208, 1913. 

•  Oeol.  Hag.,  1913,  p.  508.  A  criticism  by  A.  Scott  is  in  the  same  journal  for  1914,  p.  319,  followed  by  a 
reply  from  Shand,  p.  485.    Another  paper  by  Shand  Is  in  Oeol.  BCag.,  1917,  p.  463. 
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for  two  maiQ  dasees,  which  he  calls  saturated  and  nnsaturated  rocks. 
Unsaturated  minerals^  which  characterize  the  latter  class,  are  those 
which,  like  nephelite  and  olivine,  are  capable  of  taking  up  more 
sihca,  forming  feldspar  and  pyroxene.  Rocks  in  which  such  minerals 
are  conspicuous  are  called  unsaturated.  The  satiu'ated  minerals  and 
rocksy  obviously,  are  those  in  which  no  more  silica  can  be  assimilated 
by  the  silicates;  and  also  those  in  which  free  silica  appears.  The 
rocks  containing  free  silica  are  also  called  oversaturated;  those  con- 
taining a  large  proportion  of  free  basic  oxides,  undersaturated;  and 
rocks  with  intermediate  composition — that  is,  with  both  saturated 
and  unsaturated  minerals — ^are  termed  part  saturated.  The  classi- 
fication devised  by  Shand  has  therefore  a  fihrefold  basis,  which  gives 
it  a  fair  degree  of  elasticity.  A.  Holmes  ^  has  accepted  this  classifi- 
cation in  part  and  has  modified  it  in  some  particulars.  Holmes, 
however,  adopts  the  ''normative"  minerals  of  the  modern  quantita- 
tive classification,  while  Shand  prefers  the  ''modal"  or  actual  min- 
erals. Such  classifications  do  not  claim  completeness,  but  they  give 
good  starting  points  from  which  the  necessary  details  can  be  devel- 
oped. For  a  partial  working  out  of  such  details  the  original  memoirs 
should  be  consulted. 

The  classification  of  igneous  rocks  on  the  basis  of  eutectic  mixtures, 
advocated  by  G.  F^.  Becker,^  is  of  a  different  order  from  either  of  the 
other  systems.  Rocks,  considered  in  the  mass,  are  variable  conmiin- 
glings  of  minerals;  but  the  eutectics,  being  definite  mixtures,  may 
be  taken  as  the  standard  types.  From  this  point  of  view  the 
groundmass  of  a  rock  becomes  its  most  characteristic  feature,  and 
the  phenocrysts  are  only  the  accidental  excesses  of  one  constituent 
or  another  over  the  eutectic  ratio.  The  importance  of  this  principle 
has  been  already  discussed  in  a  previous  chapter,'  and  its  application 
to  petrography  is  foreshadowed  in  the  writings  of  Guthrie,  Lagorio, 
TeaU,  Lane,  and  Vogt.*  That  magmas  and  the  products  of  their 
solidification  must  be  studied  on  physicochemical  lines  is  generally 
admitted,  and  a  eutectic  classification  would  seem  to  follow  naturally 
from  that  kind  of  investigation.  At  present,  however,  such  a 
classification  is  only  a  matter  of  theory,  and  its  effectiveness  can 
not  be  tested  until  a  reasonable  nimaber  of  eutectics  have  been 
identified  and  described.     Teall,  Lane,  and  Vogt  all  agree  in  thinking 

»GeoI.  Mag.,1917,  p.  115. 

«  Twenty-first  Ann.  Rcpt.  U.  8.  Gcol.  Survey,  pt.  3,  1«)1,  p.  519.  Scienw,  1st  scr.,  vol.  20,  1904,  p.  550^ 
Pub.  Carnegie  Inst.  Washington  No.  31. 

>  See  ante,  Chapter  IX,  p.  295. 

*  F.  Guthrie,  Philos.  Mag.,  4th  ser.,  vol.  49, 1875,  p.  20.  A.  Lagorio,  Min.  pet.  Mitt.,  vol.  8, 1887,  p.  421. 
J.J.  H.  Teall,  British  petrography,  1888,  pp.  392-402.  A.  C.  Lane,  Jour.  Geology,  vol.  12, 1904,  p.  83.  J.  H.  U 
Vogt,  Die  SiUkatschmelzldsungen,  pt.  1, 1908,  pp.  101-107;  pt.  2, 1904,  pp.  113-128;  and  Min.  pet.  Mltt.,voL 
35, 1906,  p.  361.  Later  discussions  of  the  subject  are  by  H.  E.  Idtojoaan,  GeoL  Fttren.  FSrfaandl.,  vol.  27, 
NQ5,  p.  119;  8.  Zem6tuny  and  F.  Loewinson-Lessing,  OeoL  Centralbl.,  toL  8, 1906,  p.  398;  and  A.  Bygd^ 
BuQ.  Oeol.  Inst.  Upsala,  vol.  7, 1906,  p.  1.  Some  difficulties  in  the  way  of  a  eutectic  classiflcation  hart 
Wen  clearly  pointed  out  b.v  W.  Cross  in  Quart.  Jour.  GeoL  Soc.^  voL  <S6,  l^VO,  '^^,  ^Hbr^SS^.  i, 
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that  micropegmatite  is  a  eutectic  mixture  of  quartz  and  feldspar, 
and  Vogt  has  gone  still  further  in  the  development  of  probabilities. 
In  a  recent  memoir  ^  he  has  sought  to  show  that  a  large  number  of 
eruptive  rocks  fall  into  two  classes,  which  he  terms  ''anchi- 
eutektische"  and  "anchi-monomineralische";  that  b,  nearly 
eutectic  and  nearly  composed  of  one  mineral  alone.  Under  the 
latter  heading  fall  those  anorthosites,  pyroxenites,  peridotites,  etc., 
which  happen  to  consist  of  single  minerals  to  the  extent  of  90  per 
cent  or  more.  The  nearly  eutectics  he  illustrates  chiefly  by  the 
micTopegmatites.  The  suggested  eutectics,  however,  are  not  yet 
fuUy  established,  and  the  proposed  classification  can  not  be  attempted 
until  much  more  experimental  work  has  been  done.  Its  difficulties 
will  be  chiefly  manifest  in  dealing  with  multicomponent  systems, 
and  to  anything  beyond  a  three-component  group  of  minerals  its 
application  may  be  impracticable.  Its  units,  it  must  be  observed, 
are  those  of  the  mineralogical  system,  with  which  it  is  much  more 
nearly  allied  than  with  the  classification  by  radicles  or  oxides.  The 
classification  by  analyses  deals  with  the  latter,  the  mineralogical 
method  with  the  compounds  which  actually  appear  to  the  eye.  To 
a  considerable  extent  the  three  systems  lead  to  the  same  grouping 
of  rocks,  and  it  remains  to  be  seen  whether  the  study  of  the  eutectics 
may  not  bring  both  physical  and  chemical  data  still  more  into  har- 
mony. In  a  complete  classification  the.  systems  should  converge, 
each  one  to  the  reinforcement  of  the  others.  The  prevalence  of  a  few 
clearly  marked  rock  types  may,  perhaps,  be  explained  when  the 
eutectic  mixtures  are  known. 

Now,  recognizing  the  fact  that  all  classifications  of  the  igneous 
rocks  are  at  present  more  or  less  arbitrary,  let  us  consider  the  two 
available  systems  together.  We  may  also  take  into  account  a  very 
rough,  provisional  classification  of  the  rocks,  which  serves  a  certain 
descriptive  purpose  in  helping  us  to  avoid  verbiage.  I  refer  to  the 
division  of  rocks  into  two  classes,  namely,  the  ** basic''  and  the 
"acid,''  to  which,  if  it  were  valid,  a  third  ''neutral"  group  should 
be  added.  These  terms,  as  used  by  petrographers,  have  little  more 
than  colloquial  significance  and  serve  to  indicate  whether  a  rock 
contains  much  or  little  silica.  They  are,  however,  objectionable 
and  possibly  misleading,  for  the  two  terms  as  used  in  chemistry 
have  a  more  precise  and  quite  different  significance.  Their  falla- 
ciousness can  be  illustrated  by  considering  the  composition  of  the 
two  fundamental  olivines,  forsterite  and  fayalite,  Mg2Si04  and 
Fe^SiO,. 

1  Norsk  Geol.  Tidsskr.,  vol.  1,  No.  2,  1905;  and  Vidensk.  Selskabets  Skrifter,  Math.-i]at.  Klasse,  1908, 
No.  10.  Vogt's  nomenclature  suggests  that  tbe  igneous  rocks  might  be  briefly  described  by  the  adjectives 
unicomponcnt,  bicomponent,  tricomponent,  and  possibly  multicomponent,  with  reference,  obviously,  to 
their  princii>al  constituents  and  regarding  small  amounts  of  accessory  minerals  as  impurities.  In  such 
a  classificatioa  it  would  be  necessary  to  regard  isomorphous  mixtures,  like  the  plagioclases,  as  singla 
components. 
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Composition  offorsUrite  and/ayalite. 


Forsteritc. 


SiO,. 
Mg(J. 
FeO. 


42.8 
57.2 


FayaUte. 


29.5 

'm5 


100.0 


100.0 


Here  are  two  definite  orthosilicates  of  the  same  simple  type  which 
replace  each  other  isomorphously.  Chemically  they  are  both  neutral 
salts,  and  yet  one  contains  13.3  per  cent  more  silica  than  the  other. 
The  terms  acid  and  basic  are  here  obviously  inapplicable,  and  the 
case  cited  is  but  one  of  many.  It  is  desirable,  then,  that  the  two 
terms  should  be,  generally  speaking,  dropped  from  petrographio 
usage  and  replaced  by  others  which  do  not  conflict  with  good  chemical 
nomenclature.  Acidic  and  hasylic  might  be  better;  but  a  closer  sub- 
division would  be  eflFective  by  using  the  self-explanatory  expressions 
persilicic,  mediosUiciCf  and  suhsilicic.  Conventionally  these  terms 
might  represent  silica  percentages  of  more  than  60,  between  50  and 
60,  and  below  50.  A  more  precise  definition  is  undesirable.  Another 
alternative  is  offered  by  the  words  salic,  salfemicy  and  femic,  which 
appear  in  a  classification  of  rocks  to  be  considered  presently.  A  few 
rocks,  consisting  mainly  of  corundum  or  magnetite — that  is,  of  basic 
oxides — may  be  properly  termed  basic.  These  are  the  only  important 
exceptions  to  the  rule  here  laid  down.  A  quartz  rock,  obviously, 
would  be  in  the  highest  degree  persilicic. 

In  their  volume  upon  the  "Quantitative  classification  of  igneous 
rocks,"*  by  W.  Cross,  J.  P.  Iddings,  L.  V.  Pirsson,  and  H.  S.  Wash- 
ington, the  first-named  author  has  given  a  very  full,  critical  summary 
of  the  different  systems  of  rock  classification  which  had  been  seriously 
proposed.  To  discuss  all  of  these  systenas,  with  their  nonchemical 
features,  would  be  impracticable  in  a  work  on  geochemistry,  and  also 
superfluous,  for  the  details  are  easily  found  elsewhere.'  It  will  be 
enough  for  present  purposes  to  examine  the  scheme  of  arrangement 
offered  by  the  authors  of  the  book  just  cited  and  to  see  how  nearly  it 
corresponds  with  the  evidence   offered  by  mineralogy.     It  is  the 

» Chicago,  University  of  Cliicago  Press,  1903. 

*  Among  the  modem  classifications  the  following  are  especially  important:  If.  Rosenbusch,  Elemente 
der  Gesteinslehre,  1898,  p.  66.  J.  J.  II.  Teall,  British  petrography,  18S8,  pp.  70-77.  F.  Loewinsoo-Lessing, 
Compt.Tend.  VII  Cong.  g<^ol.  intemat.,  1897,  p.  193.  A.  Osann,  Min.  pet.  Mitt.,  vol.  19, 1900,  p.  351;  vol. 
20, 1901,  p.  399;  vol.  21, 1902,  p.  365;  vol.  22, 1903,  pp.  322, 403.  Osann 's  system  is  distinctly  chemical;  the 
others  are  mineralogical.  See  also  the  "  Kem-theorie  "  of  Rosenbusch  (Min.  pet.  Mitt.,  vol.  11, 1900,  p.  144) 
which  is  a  chemical  classification  of  magmas,  and  the  discussion  of  it  by  W.  C.  BrOgger,  Pie  Eniptivgesteine 
des  Kristianiagebietes,  pt.  3, 1898,  p.  302.  A  paper  by  E.  Sommerfeldt  (Centralbl.  Min.,  Gcol.  u.  Pal.,  1907, 
p.  2)  relates  to  a  part  of  the  Rosenbusch  theorj*.  Recent  papers  on  classification  are  by  F.  H.  Hatch,  Sd. 
Progress, Oct.,  1908:  A.  Schwantke, Centralbl.  Min.,  Geol.  u.  Pal.,  1910, j).  169;  W.  Cross,  Quart.  Jour.  Geol. 
Boc.,  vol.  66, 1910,  p.  470,  and  Am.  Jour.  Sci.,  4th  ser.,  vol.  39, 1915,  p.  657;  F.  C.  Lincoln,  Econ.  GeoIocY^ 
Tol.  8, 1913,  p.  551. 
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most  complete  scheme  of  its  kind  that  has  as  yet  been  suggested  and 
the  one  most  thorougliiy  worked  out;  it  therefore  deserves  a  very 
careful  consideration. 

The  quantitative  classification  starts  from  the  chemical  analysis  of 
a  rock,  and  begins  with  a  division  of  the  magmas  into  two  groups, 
the  saUc  and  the  femic.  The  rock-forming  minerals  are  similarly 
divided  into  two  principal  classes;  the  one,  as  its  name  indicates, 
being  characterized  by  compoimds  of  aiUca  and  aZumina,  and  the 
others  by/prro-7?iagnesian  substances.  Between  the  two  groups  of 
minerals  there  is  an  intermediate  aiferric  group,  which  is  given 
subordinate  value  in  the  classification.  The  salic  minerals,  includmg 
zircon  as  an  accessory,  are  as  follows  (the  symbols  used  for  pur- 
poses of  notation  accompany  the  names  of  the  species): 

Quartz,  SiOj Q. 

Zircon,  ZrOa-SiOj Z. 

Corundum,  AljO, C. 

Orthoclase,  KaO.AlaOs.GSiOa or] 

Albite,  NajO.AiPs.eSiO, ab.l F. 

Anorthite,  CaO . Al20,.2Si02 an .  J  FeldajMurs. 

Leucite,  KaO.Ala03.4SiOa Ic.j 

Nephelite,  Na20.ALi03.2Si02 ne.  L. 

Kaliophilite,  K20.Al30,.2SiOa kp.  ^J.enads,*  or  feldspathoids. 

Swlalite,  SCNaoO. Al203.2SiOa).2NaCl ....    so. 
Noselite,  2(Na^O.Al203.2SiOa).Na2S04....  no, 

Mineralogically,  muscovite,  analcite,  hauynite,  and  cancrinite 
should  appear  in  this  list;  but  they  are  omitted  in  order  to  simplify 
calculations.  Muscovite,  for  instance,  in  computing  the  mineral  com- 
position of  a  rock,  is  conventionally  regarded  as  if  it  were  a  mixture 
of  orthoclase  and  corundum.  Analcite  is  treated  in  a  similar  man- 
ner and  represented  by  a  mixture  of  albite,  nephelite,  and  water. 
One  consequence  of  this  procedure  is  that  the  normative  composition 
of  a  rock,  as  calculated  from  the  minerals  given  in  the  list,  often 
varies  from  its  actual  or  modal  composition.  A  rock  containing 
quartz,  orthoclase,  and  muscovite  would  be  represented  by  a  Tiorm  of 
quartz,  orthoclase,  and  corundum,  with  the  water  of  the  muscovite 
left  entirely  out  of  consideration.  The  conventional  composition  of  a 
rock,  its  norm^  may  be  quite  unlike  its  actual  composition  or,  in  the 
nomenclature  of  the  new  system,  its  mode.  This  method  of  computa- 
tion, then,  does  not  profess  to  represent  mineral  compositions  exactly; 
and  there  is  therefore- danger  that  in  certain  cases  it  may  be  mislead- 
ing— that  is,  if  its  avowed  limitations  are  not  kept  constantly  in 
mind.  In  rocks  like  the  mixture  cited  above  corundum  does  not 
normally  occur,  as  may  be  seen  from  the  experiments  by  Morozewicz 
described  in  the  precedmg  chapter.     The  intentional  variation  from 

>  From  lencite  and  nephelite. 
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.0. 


H. 


T. 


M. 


reality  is  simply  an  evasion  of  the  difficulties  which  often  arise  in  cal- 
culating from  the  analysis  of  a  rock  its  mineral  composition.  As  a 
mathematical  device  it  is  perhaps  legitimate,  but  it  must  not  he  mis- 
interpreted. 

The  group  of  femic  minerals,  as  its  name  indicates,  is  dominantly 
ferromagnesian,  hut  not  exclusively  so.  The  species  recognized  in 
the  classification  as  standard  are  as  follows: 

Acmite,  Na20.Fe203.4Si03 ac. 

Sodium  metasilicate,  NaaO.SiOj ns. 

Potassium  metasilicate,  KaO.SiOj ks. 

Diopside,  CaO.(MgFe)0.2Si03 di. 

WoUastonite,  CaCSiOj wo. 

Hypersthene,  (MgFe)0.Si02 liy. 

Olivine,  2(MgFe)O.Si02 oK    1 

Akennanite,  4Ca0.3S102 am.  /' 

Magnetite,  FeCFejOa mt. 

Chromite,  FeO.CrjOa cm. 

Hematite,  Fe^Oj hm. 

Ilmenite,  FeO.TiOj il. 

Titanite,  CaO.TiO2.SiO3 tn. 

Perofskite,  CaO.TiOa pf. 

Rutile,  TiOz ru. 

Apatite,  3(3CaO.P205).CaF2 ap. 

Fluorito,  CaFj fr. 

Calcite,  CaO-CO^ cc. 

P>Tite,  FeS^ pr. 

Native  metals  and  other  metallic  oxides  and  sulphides. 

Here,  as  with  the  salic  minerals,  certain  conventions  have  been 
adopted.  The  two  metasiUcates  of  sodium  and  potassium  do  not  exist 
as  independent  mineral  species,  but  appear  as  possible  components  of 
certain  pyroxenes  and  amphiboles.  The  two  last-named  groups, 
moreover,  are  not  separately  identified  in  the  table,  but  are  repre- 
sented by  the  minerals  embraced  xmder  the  general  symbol  P.  The 
aluminous  ferromagnesian  and  salic  minerals,  the  alferric  compounds 
biotite,  garnet,  tourmaline,  melilite,  spinel,  and  the  aluminous 
pyroxenes  and  amphiboles  are  not  taken  into  account  as  normative 
or  standard  species.  In  computing  the  norm  of  a  rock  they  are 
treated  as  mixtures  of  other  molecules  by  devices  like  those  adopted 
in  the  salic  division.  From  the  norm  the  mode  can  be  approximately 
calculated  by  methods  which  are  fully  discussed  in  the  *'  Quantitative 
classification.  *'  An  example  of  the  differences  which  thus  appear 
may  be  cited  from  the  discussion  of  Butte  granite,  on  pages  223-225  of 
that  work.  Under  norm  is  given  the  composition  in  standard  or  con- 
ventional minerals  and  under  mode  the  percentages  of  the  species 
actually  present  in  the  rock. 
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Camposition  of  Bvtte  grnnitf. 


Norm. 

Quartz 19.38 

Orthoclase 25.021 

Albite 23.58 

Anorthite 18. 07 

Diopside 

Ilyperetliene 

Magnetite 

Ilmenite 

PjTite 

Apatite 

Etc 


66.  67 


•«n7. 

6.78/ 
3.011 
1.22/ 

.241 

.31/ 


45 


4.23 


55 


.99 


99.27 


Mode. 

Quartz 22.86 

Orthoclaae 18. 35 

Albite 23. 06158.09 

Anortliite 16. 68 

Biotite 10. 92 

Hornblende 3.56 

Magnetite ^-  *^\  2  32 

Ilmenite .46/ 

Pyrite .241 

Apatite 31  / 

Etc 85 


>■ 


48 


.55 


99.15 


The  divergence  between  convention  and  reality  is  evident  at  a 
glance.  In  many  cases,  however,  the  norm  and  mode  of  a  rock  are 
practically  identical,  and  then  the  standard  computation  is  more 
satisfactory.  The  normative  and  actual  minerals  may  or  may  not 
be  the  same.  Some  discrepancies,  however,  exist,  to  which  much 
weight  can  not  be  given.  In  calculating  the  percentage  of  a  mineral 
from  the  proportions  of  oxides  shown  by  analysis  there  is  a  strong 
tendency  toward  the  multiplication  of  errors.  Alumina,  for  instance, 
is  often  uncertain,  at  least  in  ordinary  analyses  of  fair  average  quality, 
by  as  much  as  one-half  of  1  per  cent.  This  amount  corresponds  to  an 
error  in  orthoclase,  if  all  the  alumina  goes  to  that  mineral,  of  2.7  per 
cent,  and  the  variation  entrains  others,  especially  in  the  estimation 
of  the  residual  quartz.  The  computed  mineral  composition  of  a  rock 
is  incorrect  by  multiples  of  the  errors  existing  in  the  analysis,  and 
these  may  be,  in  fact  are,  sometimes  large. 

The  normative  or  standard  minerals,  then,  so  far  as  the  make-up  of 
a  rock  is  concerned,  are  partly  real  and  partly  conventional.  They 
are,  however,  quantitative  in  apphcation  and  give  uniformity  to  the 
discussion  of  rocks.  Upon  them  the  quantitative  classification  is 
founded. 

First,  all  igneous  rocks  are  divided  into  five  classes,  which  are 
fixed  within  certain  arbitrary  limits  by  the  ratios  between  the  salic 
and  femic  minerals.     These  classes  are  as  follows: 

Bal  V.    7 


I.  Persalane:  Extremely  salic 

II.  Dosalane:  Dominantly  salic 

III.  Salfemane:  Equally  salic  and  femic, 

IV.  Dofemane:  Dominantly  femic 

V.  Perfemant:':  Extremely  femic 


fem 
sal 


fem  ^  1  -^  3 
sal  5  3 
fem  "^3  ^  5" 

eal         3  v^JL_ 
fem  ^  5  ^  7 
sal       J_ 
lem  ^  7 
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That  is,  the  field  between  an  entkely  salic  rock  and  one  entirely 
femic  is  divided  into  five  parts,  each  representing  a  definite  range  of 
variation.  A  rock  containing  more  than  seven-eighths  of  salic  nfiin-" 
erals  to  one-eighth  femic  is  in  the  class  persalane;  one  with  less  than 
seven-eighths  salic  to  more  than  three-eighths  femic  falls  imder 
dosalane,  and  so  on.  A  granite,  for  example,  containing  over  87.5 
per  cent  of  quartz  and  feldspar  is  placed  in  Class  I;  a  peridotite 
with  over  87.5  per  cent  of  femic  minerals  belongs  in  Class  V.  Many 
basalts,  gabbros,  diorites,  etc.,  contain  salic  and  femic  compounds  in 
nearly  equal  proportions,  and  are  therefore  in  Class  III.  From  the 
norm  of  a  rock  its  class  can  be  determined  at  once,  and  in  many  cases 
a  mere  inspection  of  the  analysis  is  sufficient.  The  two  extreme 
classes  occupy  each  one-eighth  of  the  field ;  the  other  classes  divide 
the  remaining  six-eighths  between  them. 

The  division  of  classes  into  subclasses  is  based  upon  a  previous 
division  among  the  standard  minerals  themselves.  Thus  the  salio 
minerals  are  grouped  as  quartz,  Q;  feldspar,  F;  lenads,  or  feld- 
spathoids,  L;  corundxmi,  C;  and  zircon,  Z.  Q,  F,  and  L  are  placed 
together  as  one  subclass;  C  and  Z  as  another.  In* the  femic  series 
we  have,  first,  pyroxenes,  P;  olivine  and  ikermanite,  O;  with  the 
group  of  iron  ores  and  titanium  minerals,  M;  and,  second,  the  acces- 
sories apatite,  fluorite,  pyrite,  etc.,  represented  by  A,  In  Classes  I 
to  III  the  subdivision  is  effected  through  the  ratio  QFL  to  CZ  by  the 
same  fivefold  process,  one-eighth,  two-eighths,  and  so  on,  as  in  the 
formation  of  classes  themselves.  In  Classes  IV  and  V,  the  dofemic 
and  perfemic,  the  ratio  POM  to  A  is  used  in  precisely  the  same  w^f 
There  are  therefore  twenty-five  subclasses,  but  the  vast  majority  of 
igneous  rocks  belong  to  the  first  subclass  in  each  class.  These  are 
indicated  by  the  expressions — 


QFL     7        ,  POM^  7 

c^>i  ^"^^  -jr>i 


the  minerals  thus  given  prominence  being  those  which  make  up  the 
greater  part  of  the  lithosphere.  Rocks  in  which  C,  Z,  or  A  abound 
are  not  common,  and  their  distribution  or  volume  is  extremely 
limited. 

After  the  subclasses  come  the  orders,  which  are  formed  according 
to  the  proportions,  in  the  rocks,  of  the  preponderating  minerals.  In 
Gasses  I  to  III  the  salic  minerals  are  used  as  a  basis  for  subdivision, 
and  the  ratios  connecting  Q,  F,  and  L  are  alone  considered.  Quaiiz 
and  the  lenads,  however,  are  chemically  antithetic,  and  do  not  occiur 
together;  and  this  leads  to  a  doubling  of  the  ordinary  fivefold  divi- 
sion of  a  class,  with  one  term  dropped  out.  That  is,  each  class  is 
divided  into  nine  orders;  if  there  were  ten,  the  fifth  and  sixth  would 
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practically,  although  not  absohitely,  repeat  each  other.     These  orders 

are  as  felloe's : 

Q         7 

1.  Perquarir:  Quartz  extreme > — 

F  1 

Q  7        5 

2.  DcKiuaric:  Quartz  dominant < — >—- 

F  1         3 

Q  5        3 

3.  Quarfelic:  Equal  quartz  and  feldspar < — > 

F  3        5 

Q  3        1 

4.  Quardofelic:  Feldspar  dominant < — >- — 

F  5        7 

Q  or  I.  1 

5.  Perfelio:  Feldspar  extreme < — 

F  7 

L           3        1 
ft.  T,end«»felir:  Feldspar  dnminant < — >• 

F  •         0        7 

L  5        3 

7.  Lenfelic:  K(|ual  feldspar  and  lenad < — > — 

F  3        5 

L           7        5 
H.  Polenic:  T.enad  dominant <— >- 

F  1         3 

L  7 

9.  Perlenio:  T.enad  extreme > 

F  1 

In  Classes  IV  and  V  the  feraic  ratio  P-f  O:  M  is  used  to  designate 
the  ordei-s.     They  are: 

P-f  O        7 

1.  Perpolic:  Silicate  extreme > 

K         1 

P-hO         7        5 

2.  Dopolic:  Silicate  dominant < — > — 

M  1        3 

P-fO         5        3 

3.  Polmitic:  Silicata  and  n(»nRilicate  e<|ual < — >• — 

M  .r        5 

P-f  O         3         1 

4.  Domitic:  Nonsilicate  dominant < — >• 

M  5        7 

PfO         i 

5.  Permitic:  Ximsilicate  extreme < — 

M  7 

In  orders  1  to  3  there  is  also  a  precisely  similar  fivefold  division 
into  sections,  which  indicate  the  proportions  between  p>Toxenes  and 
the  olivine  subgroup.  In  orders  4  and  5  a  like  subdivision  into  sub- 
orders is  based  upon  the  ratio  H  :  T,  hematite  plus  magnetite  on  the 
one  hand  and  the  titanium  minerals  ilmenite,  titanite,  perofskite, 
and  rutile  on  the  other.  It  is  not  necessary  for  present  purposes  to 
carry  these  subdivisions  out  in  detail,  for  the  ratios  are  expressed  by 
precisely  the  same  fractions  as  appear  in  the  tjlasses  and  orders. 

Up  to  this  point  the  quantitative  classification  has  been  mineral- 
ogical,  and  expressed  in  terms  of  the  standard  or  normative  minerals. 
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The  division  of  orders  into  range,  however,  proceeds  on  chemical 
lines,  but  is  still  fivefold  as  before.  In  Classes  I  to  III,  which  are 
characterized  by  feldspars  and  lena^s,  the  molecular  ratio  of  salio 
KjO+NajO  to  salic  CaO  is  the  determining  factor.  In  Classes  IV 
and  V  the  molecular  ratio  of  femic  CaO  +  (MgFe)  O  to  f emic  alkalies  is 
considered.  By  salic  CaO  is  meant  the  lime  in  salic  minerals  such 
as  anorthite;  femic  lime  is  that  in  diopside,  wollastonite,  etc.  Salio 
alkalies  are  foimd  in  feldspars  and  lenads;  femic  alkalies  occur  in 
acmite  and  certain  other  pyroxenes  and  amphiboles.  In  the  par- 
tition of  actual  minerals,  such  as  the  micas,  between  the  two  norma- 
tive groups,  the  potash  of  muscovite  will  go  to  .the  salic  side,  while 
that  of  biotite  is  r^arded  as  femic.  Now,  uniting  KjO  and  Na,0 
imder  the  general  symbol  of  R2O,  the  rangs  imder  the  orders  of 
Classes  I  to  III  develop  thus: 

R.0        7 

1.  Peralkalic > — 

CaO  1 

RoO  7        5 

2.  Domalkalic — < — > — 

CaO  1        3  . 

RoO  5        3 

3.  Alkalicalcic < — > 

CaO  3        5 

R2O  3        1 

4.  Docalcic < — > 

CaO  5        7 

RoO  1 

5.  Percalcic < — 

CaO  7 

The  nomenclature  here  would  seem  to  be  self-explanatory,  but  in 
Classes  IV  and  V  a  less  obvious  device  is  proposed,  namely  to  indi- 
cate magnesium,  iron,  and  Zime  the  word  mirlic  is  suggested.  Unit- 
ing MgO,  FeO,  and  CaO  under  the  symbol  RO  we  now  have  in  the 
distinctively  femic  classes  these  rangs: 

RO         7 

1.  Permirlic > 

R,0  1 

RO  7        5 

2.  Domirlic < — > 

RoO  1        3 

RO  5        3 

3.  Alkalimirlic < — > — 

R2O  3        5 

RO  3        1 

4.  Domalkalic < — > 

R2O  5        7 

RO  1 

5.  Peralkalic < — 

R2O  7 

The  femic  rangs  are  again  subjected  to  a  fivefold  subdivision  into 
sections,  depending  upon  the  ratio  (MgFe)OtoCaO;  and  they  are  also 
divided  into  s^uhrangs  which  indicate  the  ratio  bel^^iv  \£La^^%. 
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and  ferrous  oxide.  So  also,  in  Classes  I  to  m  there  are  subrange 
based  upon  the  alkalies  alone,  and  these  are  called,  respectively,  per- 
potass^ic,  dopotassiCf  aodipotdssiCf  dosodic,  and  persodic.  These  sub- 
rangs  are  still  further  divisible  in  such  manner  as  to  show  the  ratios 
between  the  lenad  minerals  leucite  and  nephelite,  and  sodalite  and 
noselite,  and  either  of  these  pairs  may  be  subdivided  in  the  same  way. 
In  some  of  these  cases  a  threefold  division  is  employed  instead  of  the 
usual  method.  In  Classes  II,  III,  and  IV  the  rangs  are  again  divided 
into  gradsy  which  serve  to  classify  the  subordinate  minerals.  In 
Cliisses  II  and  III  the  subordinate  femic  group  is  divided  according 
to  the  ratio  P  -f  O  to  M,  just  as  in  forming  the  orders  of  Classes  IV 
and  V.  In  Class  IV  the  sul>ordinate  salic  minerals  serve  to  designate 
five  grads,  depending  upon  the  relations  between  quartz,  feldspars, 
and  Icnads.  In  Class  III  there  is  also  a  threefold  discrimination 
between  pyroxene  and  olivine,  forming  the  sections  prepyric,  pyroHCf 
and  preolic.  Furthermore,  precisely  as  rangs  are  formed  within  orders 
so  suhgrads  are  formed  within  grads.  That  is,  the  ratios  RO  to  RjO; 
RjO  to  CaO;  (MgFe)O  to  CaO;  and  MgO  to  FeO  are  used  to  express 
between  subordinate  minerals  the  same  relations  that  hold  in  forming 
the  larger  divisions  of  the  classification. 

The  quantitative  classification,  then,  takes  pairs  of  factors,  and 
divides  each  pair,  with  a  few  limitations  only,  into  five  terms,  ex- 
pressive of  different  ratios.  This  process,  obviously,  can  be  carried 
out  to  any  desired  degree  of  minuteness;  but  for  most  practical  pur- 
poses four  subdivisions  are  generally  enough.  These  may  be  stated 
as  classes,  orders,  rangs,  and  subrangs;  the-  subclasses,  suborders, 
grads,  etc.,  being  less  useful  in  actual  work.  In  order  to  express  the 
composition  of  a  rock,  or,  more  precisely,  of  a  magma,  a  simple 
notation  has  been  devised,  which  makes  use  of  numerals  to  indicate 
the  several  Bubdivisions.  Thus  the  symbol  II.5.2.3  indicates  that 
the  magma  which  it  represents  belongs  in  Class  II,  dosalane:  order  5, 
perfelic;  rang  2,  domalkalic;  and  subrang  8,  sodipotassic*  That 
such  a  system  is  convenient  we  can  see  at  a  glance;  but  its  limitations, 
due  to  the  distinction  between  normative  and  actual  minerals,  must 
never  be  overlooked.  Analyses  are  readily  classified  and  summa- 
rized by  the  system;  as  regards  minerals  it  is  confessedly  incomplete. 
The  important  alferric  minerals  muscovite,  biotite,  augite,  and  horn- 
blende fall  outside  of  the  classification,  and  have  to  be  expressed  by 
means  of  a  recalculation  from  a  norm  into  a  mode.  It  is  an  artificial 
classification  of  great  provisional  value;  but  its  ultimate  standing  is 
yet  to  be  determined  by  the  severe  tests  of  experience.  Even  if  it 
should  be  finally  adopted  by  all  petrologists,  some  form  of  classifica- 

>  For  the  detailed  development  of  this  notation,  which  can  be  extended  to  grads  and  suligrads,  see  H.  S. 
Washington,  Prof.  Paper  U .  8.  Geol.  Survey  No.  28, 1904,  pp.  13-15.  On  the  calculation  of  norms,  see  O.  L 
yinlay,  Jour.  Qcology,  vol.  18, 1910,  p.  58. 
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lion  like  that  now  in  vogue  would  have  to  be  retained  with  it.  Good 
analyses  can  not  be  obtained  for  every  rock  which  the  geologist  is 
called  upon  to  determine,  and  in  many  cases  he  must  be  content  with 
the  results  of  a  microscopic  examination.  He  can  then  say  at  once 
that  a  certain  rock  consists  of  alkali  feldspar,  quartz,  and  subordinate 
femic  minerals,  and  so  define  it  as  a  granite  or  rhyolite.  To  accurately 
name  its  subrang  is  a  more  troublesome  matter,  and  impracticable 
without  analytical  data.*  In  short,  the  quantitative  system  can  only 
be  applied  to  the  classification  of  rocks  which  have  been  quantitatively 
studied,  but  then  it  yields  results  of  imquestionable  utility.  It  brings 
to  light  magmatic  analogies  which  might  not  be  recognized  without 
its  aid,  and  so  assists  in  the  comparison  of  magmas  and  in  the  study 
of  their  differentiation.  From  the  application  of  the  classification  to 
the  study  of  rocks,  one  highly  beneficent  result  has  already  followed. 
The  three  memoirs  of  H.  S.  Washington,^  in  which  he  has  collected  and 
classified  all  the  trustworthy  rock  analyses  which  had  been  recorded 
between  1869  and  1913,  are  of  the  highest  value  and  go  far  to  justify 
the  system. 

COMPOSITION   OF  ROCKS. 

Now,  passing  on  from  the  general  statements  relative  to  classi- 
fications, we  may  consider  the  actual  composition  of  rocks  as  revealed 
by  chemical  analysis.  In  order  to  do  this  most  advantageously,  and 
to  compare  classifications,  the  ordinary  mineralogical  grouping  will 
be  followed,  but  the  rocks  within  each  group  will  be  arranged  in  the 
order  of  the  quantitative  system,  and  the  brief  description  of  each 
one  will  precede  the  analyses.  To  the  descriptions  the  magmatic 
symbols  and  magmatic  names  are  appended,  and  after  each  table 
the  composition  of  the  norms,  as  found  in  Washington's  tables,  will 
be  given.  We  shall  thus  be  able  to  see  how  nearly  the  two  classi- 
fications coincide,  and  so  be  better  fitted  to  judge  of  their  compara- 
tive merits.  As  a  rule,  the  analyses  are  those  which  have  been 
made  in  the  laboratory  of  the  United  States  Geological  Survey,  and 
are  cited  from  the  collection  published  in  Bulletin  No.  591.  Only 
those  are  selected  which  have  been  characterized  by  Washington 
as  excellent.  In  a  few  cases  analyses  from  other  sources  must  be 
used,  but  due  credit  will  be  given.  Since  rocks  are  aggregates  of 
minerals,  all  sorts  of  inteiTnediate  variations  are  possible,  but  in  a 

1  The  need  of  rock  names  for  field  use  is  fully  recognized  by  the  authors  of  the  quantitative  system. 

»  Prof,  Papers  U .  S.  Geol.  Survey  Nos.  14, 28,  and  99.  For  analyses  made  in  the  laboratories  of  the  Survey, 
see  also  Bull.  No.  591.  For  an  extended  application  of  the  quantitative  classiflcatian,  see  Washington's 
Roman  comagmatic  region,  Pub.  No.  51  of  the  Carnegie  Institution,  1006.  For  reviews  and  criticisms  of 
the  new  system,  sec  A,  Michel-L^vy,  Bull.  Carte  g^l.  France,  No.  92, 1903;  A.  H(arkcr],  Geol.  Mag.,  1903, 
p.  173;  J.  W.  Evans,  Science  Progress,  vol.  1, 1906,  p.  259;  E.  B.  Mathews,  Am.  Geol<^st,  vol.  31, 1908, 
p.  399;  L.  Milch,  Contralbl.  Min.,  Geol.  u.  Pal.,  1903,  p.  677;  G.  W.  Tyrrell,  Science  Progress, vol.  9,  p.  61, 
1914;  and  L.  L.  Fcrmor,  Rcc.  Geol.  Survey  India,  vol.  42, 1912,  p.  208. 
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work  of  this  general  character  such  minor  details  of  classification 
must  be  ignored.  Only  the  larger  features  of  the  subject  can  be 
taken  mto  account. 

THE  RHTOIJTB-ORANITE  OROTJP. 

In  Class  I  of  the  quantitative  classification,  order  1,  perquaric,  is 
represented  by  rocks  which  consist  mainly  of  quartz,  such  as  quarts 
veins  and  segregations  of  igneous  origin.  In  order  2,  doquaric, 
Washington  places  a  few  rocks  which  contain  from  53  to  69  per  cent 
of  quartz,  but  none  of  them  is  particularly  important.  It  is  in 
order  3,  quarfelic,  that  the  noteworthy  rocks  b^n  to  appear,  and 
a  large  number  of  them  belong  in  the  familiar  group  of  rhyoUtes 
and  granites.     With  tliis  group  it  is  convenient  to  begin. 

In  the  broadest  sense,  granite  may  be  defined  as  a  holocrystaUine, 
plutonic  rock,  consisting  chiefly  of  quartz  and  an  alkali  feldspar,  the 
latter  being  commonly  orthoclase  or.  microcline.  A  soda  granite  is 
one  containing  a  soda  feldspar,  preferably  anorthoclase.  With 
these  dominant  minerals  there  may  be,  and  iLsually  are,  subordinate 
species,  such  as  muscovite,  biotite,  hornblende,  etc.  Hence  the 
varieties  muscovite  granite,  biotite  granite  or  granitite,  hornblende 
granite,  tourmaline  granite,  and  the  Uke.  When  only  quartz  and 
feldspar  are  present  the  rock  is  called  aplite,  although  it  must  be 
observed  that  this  term  is  often  used  in  other  senses.  *  Rbyolite  is 
the  eruptive  equivalent  of  granite  and  has  the  same  chemical  compo- 
sition. The  minerals  which  develop  individually  in  it  are  also 
broadly  the  same,  quartz  and  alkali  feldspar  largely  predominating. 
Rhyolite,  however,  very  commonly  contains  more  or  less  undiffer- 
entiated glass,  and  obsidian  is  a  wholly  vitreous  variety.  The 
quartz  porphyries,  which  are  intermediate  between  granites  and 
rhyolites,  are  old,  devitrified  forms  of  the  latter.  Nevadite,  liparite, 
and  quartz  trachyte  are  synonyms  for  rhyolite.  The  differences 
between  granite  and  rhyolite  are  structural  and  genetic ;  chemically 
and  magmatically  they  are  the  same.  This  essential  identity  of 
composition  appears  in  the  subjoined  tables  of  analyses.  Fii-st  in 
order  come  the  rhyolites. 

1  On  aoooont  of  this  ambiguity  in  tlie  use  of  tlie  word  aplite,  J.  K.  Sptirr  has  proposed  the  name 
"alasldte"  for  roclcs  of  this  character.  For  the  corresponding  eruptive  or  fine-grained  porphyritic  rocks 
tte  tenn  "tordrillitc"  Is  offered.  Am.  Geologist,  vol.  25,  1900,  p.  229.  On  the  formation  of  granite  see 
H.  Le  Chateller,  Annalcs  des  mines,  8th  ser.,  vol.  13, 1888,  p.  232.  On  the  origin  of  pegmatite  see  J.  B. 
Hastings, Trans.  Am.  Inst. Mln.  Eng.,  vol.  39, 1909,  p.  104;  E.  S.  Bastm,  Jour.  Geology,  vol.  18. 1910,  p.  297; 
and  A.  Barker,  Natural  history  of  igneous  rocks,  p.  293.  On  the  origin  of  granite  see  A.  Brun,  Eclog.  Geol. 
Helvet.,  vol.  12, 1912,  p.  172. 
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Analyses  ofrhyolites, 

A.  From  Buena  Vista  Peak,  Amador  County,  California.  Anal>'8is  by  W.  F.  HiUebrand.  Described 
by  H.  W.  Turner  as  containing  sanidine,^  quartz,  and  biotite  in  a  glassy  grotmdmass.    Magmatic  symbol, 

1.3.1.2.  Afagdeburgotf. 

B.  From  near  Willow  Lake,  Plumas  County,  Califomia.  Analysis  by  HiUebrand.  Described  by  J.  S. 
DQIer  as  containing  phenocrysts  of  quartz  and  feldspar,  in  a  groundmass  of  the  same  materiab .    Symbol, 

1.3.1.3.  AUukose, 

C.  Obsidian,  Obsidian  Cliff,  Yellowstone  National  Park.  Analj*sis  by  J.  E.  Whitfield.  Described  by 
Arnold  Hague  and  J.  P.  Iddings.  A  glass  containing  microlites  of  augite  and  ferric  oxide,  with  traces 
of  quartz  and  feldspar.    Symbol,  1.3.1.3.    AUuikose. 

D.  From  Madison  Plateau,  YeDowstone  National  Park.  Analysis  by  Whitfield.  Not  described. 
Symbol,  1.3.1.4. 

E.  From  the  Hyde  Park  dike,  Butte  district,  Montana.  Analysis  by  H.  N.  Stokes.  Contains,  accord- 
tng  to  W.  H.  Weed,  sanidine,  quartz,  plagioclase,  and  biotite,  in  a  groundmass  of  quartz  and  feldspar. 
Symbol,  1.3.2.3.     Tehamose. 

F.  From  "  Elephant's  Back,"  Yellowstone  National  Park.  Analysis  by  Whitfield.  Reported  by 
J.  P.  Iddings  to  contain  quartz  and  sanidine,  with  a  little  augite  and  magnetite,  in  a  glassy  groimdmass. 
gymbol,  1.3.2.3.     Tehamose. 

G.  From  Haystack  Mountain,  Aroostook  County,  Maine.  Analysis  by  HiUebrand.  Described  by 
H.  E.  Gregory.  Contains  quartz,  albite,  and  orthoclase,  with  titanite  and  accessory  chlorite  and  kaolin. 
Symbol,  1.4.1.3.    Liparose. 

H.  From  Crater  Lake,  Oregon.  Analysis  by  Stokes.  Described  by  H.  B.  Patton.  Contains  plagioclase, 
hornblende,  b3rpersthene,  and  magnetite,  in  a  glassy  groundmass  cro^tded  with  microUtes  of  feldspftt 
nd  augite.    Symbol,  1.4.2.4.    Ltusenose. 
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DATA  OF  GEOCHEMISTRY. 


The  following  analyses  represent  quartz  j)orphyry: 

Analy9e»  of  qiiariz  porphyry. 

A.  From  near  Blowing  Rock,  WatauffA  Cminty,  North  Carolina.  Analysis  by  W.  F.  HilleYxaiul.  R^ 
ported  by  A.  Keith  to  contain  quarti  and  ort hoclase,  with  subordinate  seridte,  cfakrite,  and  biotite.  llif» 
matic  symbol,  1 .3. 1 .2.    Magdeburffote, 

B.  From  the  Modoc  mine,  Butte  district,  Montana.  Analysis  by  Hillebrand.  Contains,  aoeording  to 
W.  II.  Weed,  quarts,  orthoclase,  and  plagioclase  in  a  groundmass  of  quarts  and  feldspar.  Symbol,  lAXi, 
Toscanor.e, 

C.  From  Prospect  Mountain,  I..eadTille  district,  Colorado.  Analysis  by  L.  0.  Eakins.  Described  by 
W.  Cross.  Contains  orthoclase,  plagioclase,  quarts,  biotite,  apatite,  magnetite,  and  sircon.  Symbol^ 
1.4.2.3.     To9cano8e, 

D.  From  the  Swansea  mine,  Tintic  district,  Utah.  Analysis  by  H.  N.  Stokes.  Described  by  G.  W. 
Tower  and  O.  O.  Smith.  Contains  feldspar,  quarts,  magnetite,  apatite,  secondary  pyrite,  and  a  little 
chlorite  and  biotite.    Symbol,  1.4.2.3.    ro«cano«e. 

E.  From  Grizzly  Mountains,  Plumas  County,  California.  Analysis  by  TTillebrand.  Contains,  accord- 
ing to  II.  W.  Turner,  quartz,  feldspar,  and  pjrrite.  In  a  fine  grotmdmass.    Hymbol,  I.4.2.S.     TowaiioM. 
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The  subjoined  analyses  of  granites  are  all  by  W.  F.  Hillebrand:* 

AnahjMes  of  granites. 

A.  From  Currant  Creek  Canyon,  near  Pikes  Peak,  Colorado.  Described  by  E.  B.  Mathews.  Contains 
microdine,  quarts,  mujicovite,  and  seridtic  aggregates  repladng  plagioclase  and  a  part  of  the  microcline. 
Magmatic  symbol,  1.3. 1 .2.    Magdebu  rgose, 

B.  Biotite  granite,  Sentinel  Point,  Pikes  Peak,  Colorado.  Described  by  Mathews.  Contains  micro- 
dine,  microdine-perthite,  quarts,  biotite,  a  little  oligoclase,  and  accessory  fluorite,  apatite,  lircon,  sphene^ 
allantie,  and  magnetite.    SymTiol,  1.3.1.3.    AlaskMe. 

C.  From  Currant  Creek  Canyon,  Pikes  Peak,  Colorado.  Described  by  Mathews.  Contams  perthltic 
microcline,  quartz,  biotite,  muscovite,  altered  plagioclase,  and  flakes  of  limonite.    Symbol,  1.4.1.2. 

D.  Biotite  granite,  Mount  Ascutney,  Vermont.  Described  by  R .  S.  Daly.  Contains  quartz,  orthoclase, 
plagioclase,  biotite,  magnetite,  sphene,  apatite,  and  zircon.    Symbol,  1.4.1.3.    Liparose. 

E.  Soda  granite.  Pigeon  Point,  Minnesota.  Described  by  W.  S.  Bayley.  Contains  feldsi)ar,  quartz, 
dilorite,  some  muscovite,  rutile,  leucoxene,  hematite,  and  apatite,  and  sometimes  seccmdary  caldte. 
Symbol,  1.4.1.3.    Liparose. 

F.  Granltite,  near  Florissant,  Colorado.  Described  by  Mathews.  Contains  microcline,  albite,  quartz, 
and  biotite.    Symbol,  1.1.1.4.    KaUerudose, 

G.  Granite,  Big  Timber  Creek,  Crazy  Mountains,  Montana.  Beported  by  J.  E.  Wolff  as  containing 
qnartz,  orthoclase,  oligoclase,  and  biotite.    Ssrmbol,  1.4.2.3.    Toscanose, 

H.  Aplite,  Yuba  Gap,  Sierra  County,  California.  Described  by  H.  W.  Turner.  Contains  orthoclase, 
quartz,  plagioclase,  a  little  microcline,  brown  mica,  and  iron  o^e.    Symbol,  IU.2.  3.     Toteanose. 
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484  DATA  OF  GEOCHEMISTRY. 

All  the  rocks  here  cited  belong  iu  the  &rBt  subclass  of  Class  I 
and  lie  between  the  limits  indicated  by  the  symbols  1.3.1.2  and 
L4.2.4.  Some  granites  appear  in  Washington's  tables  under  Class 
U,  but  they  are  few  in  number  and  represent,  probably,  intermediate 
gradations  toward  the  syenites.  So  far  as  the  foregoing  analyses  are 
concerned,  they  show  that  up  to  this  point  the  quantitative  and 
mineralogical  classification  coincide  fairly  well  and  that  Uie  norm$ 
can  not  vary  very  much  from  the  fnodfs.  The  normative  corundum  * 
probably  represents  the  mica,  either  muscoA^ite  or  biotite,  or  both,  so 
that  the  actual  orthoclase  of  these  rocks  must  be  lower  than  is  shown 
in  the  norms.  Tlie  latter  show  with  sufficient  emphasis  that  quartz 
and  alkali  feldspars  are  the  most  important  minerals  in  the  granite- 
rhyolito  group  and  that  the  rocks  differ  chiefly  in  the  varying  jmo- 
portions  of  quartz,  orthoclase  or  microcline,  and  albite  or  anorthocLBse. 
The  presence  of  much  muscovite  in  a  granite,  however,  would  increase 
the  divergence  between  norm  and  mode,  and  even  throw  the  rock 
into  some  other  order  than  those  shown  by  the  limiting  symbols  just 
given.'  . 

THE  TRAOHYTE-STENITE  OBOTTP. 

The  trachyte-syenite  series  of  rocks  differs  from  the  rhyolite-granite 
series  in  being  free,  or  nearly  so,  from  quartz.  The  trachytes,  like 
the  rhyolites,  are  eruptive  rocks ;  the  syenites  resemble  granite  in  tlieir 
plutonic  origin.  Between  trachyte  and  syenite  there  are  intermediate 
forms,  analogous  to  the  quartz  porphyries.  All  of  these  rocks  contain 
principally  alkali  feldspars,  with  subordinate  femic  minerals,  and 
often  alferric  species  such  as  hornblende  or  mica.  These  minor  con- 
stituents are  recognized  in  nomenclature  by  such  terms  as  biotite 
trachyte,  mica  syenite,  hornblende  syenite,  etc.  There  are  also  many 
varietal  names,  which  are  based  on  minor  distinctions.  The  nephe- 
line  syenites  will  be  considered  separately.  The  following  analyses 
represent  typical  examples  within  the  series  as  defined  here: 

Analyses  of  irachyte-symite  rocks. 

A.  Nordmarkite,  Mount  Ascutney,  Vennont.  Analjrais  by  W.  F.  Hlllebrand;  description  by  R.  A. 
Daly.  Conttains  orthoclase,  plagiodaM,  quartz,  hornblende,  magnetite,  apatite,  and  zircon,  with  very 
little  biotite,  titanlte,  diopside,  and  allanite.    Magmatic  symbol,  Lu.1.3.    Phlegrose, 

B.  Quartz  syenite  porphyry,  Gray  Butte,  Bearpaw  Mountains,  Montana.  Analysis  by  H.  N.  Stokes. 
Described  by  W.  U.  Weed  and  I^.  V.  Pirsson.  Contains  anorthoclase,  microlites  of  pla^oclase,  x^iiU, 
augite,  quartz,  and  apatite,  with  an  occasional  zircon  and  traces  of  biotite.    Sjon  bol,  1.5.1.4.    Nordmorkose, 

C.  Biotite  trachyte.  Dike  Mountain,  Yellowstone  National  Park.  Analysis  by  Hlllebrand.  Reported 
by  Arnold  Hague  and  T.  A.  Jaggar  as  containing  plagioclase,  orthoclase,  biotite,  magnetite,  and  dilorile. 
Symbol,  1.5.1.4.    Ifordmarkote, 

D.  Soda  syenite  porphyry.  Moccasin  Creek,  Tnolunme  County,  CaMfomia.  Analysis  by  Stokes. 
Described  by  H.  W.  Tomer.  Ooosists  mainly  of  albite,  with  possibly  legirite.  Symbol,  1.5.1.5.  Ttf 
umnase, 

E.  Soda  syenite,  Douglas  Island,  Alaska.  Analysis  by  Hlllebrand.  Described  by  0.  F.  Becker.  Con- 
tains mostly  albite,  with  secondary  quartz,  caldte,  and  pyrite.    Symbol,  I.'i.l.S.    Tuohtmnoife. 

F.  Biotite  trach3rte»  Dike  Mountain,  Yellowstone  National  Park.  Analysis  by  Hillebrand.  Reported 
by  Hagueand  Jaggar  to  contain  orthoclase,  plagioclase,  biotite,  and  chlorite.    Symbol,  1.5.2.3.    Pmlmak9$e. 

I  Or  undistributed  alumina. 

I  An  important  paper  on  the  minor  acoesseries  to  British  granitoid  rocks,  by  R.  H.  Rastall  aad  W.  H. 
WJJcocks<m,isin  Quart,  /our.  Geol.  Soc.,  vol.  71, 1917,  p.  d92. 
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Anaiffies  of  trachyte-tyeniU  rodbt — Continued. 

G .  Aogite  symite  porptayiy,  Copper  Creek  basin,  Yellowstone  National  Park.  Analysb  by  Hillebrand- 
Contains,  aeoording  to  Hague  and  Jaggar,  augite,  biotite,  ortboclase,  a  little  hornblende,  and  quartz.  Bym. 
boi,  i.5.2.4.    Lanikote. 

H.  Anglte  syenite.  Turnback  Creek,  Tuolumnie  County,  CaUfomla.  Analysis  by  Stokes.  Reported  by 
Turner  to  contain  ortboclase  and  augite,  with  less  plagioclase  and  quartz.    Symbol,  11.5. 1 .2.   Uighwoodosf. 

I.  Syenite,  Yogo  Peak,  Little  Belt  Mountains,  Montana.  Analysis  by  HiUebrand.  Described  by  Weed 
and  Pirsson.  Contains  ortboclase,  oligoolase,  quarts,  apatite,  titanite.  Iron  ores,  pyroxene,  hornblende 
and  biotite,  with  traces  of  decomporition  products.   Symbol,  II.5.2.3.    Afomonose. 

J.  Syenite,  La  Plata  Mountains,  Colorado.  Analysis  by  Stokes.  B  eported  by  W.Crora  to  contain  much 
alkali  feld8par,some  oligoclase,  augite,  biotite,  and  hornblende,  with  a  little  titanite,  magnetite,  anS  apatite. 
Symbol,  II.2.5.2.3.    Momonofe, 

K.  Syenite,  Crazy  Mountains,  Montana.  Analysis  by  HiUebrand.  Reported  by  J.  E .  Wolff  to  contain 
aaorthoclase,  hornblende,  augite,  sphene,  apatite,  and  magnetite.    Symbol,  II.5.2.4.    A  kerose. 
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AnalysfB  of  trachytc-wymite  rocH — Continued, 
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The  rocks  of  this  group,  being  deficient  in  quartz,  tend  to  run 
lower  in  silica  than  the  granites  and  rhyolites.  Their  magmatic 
range  is  between  1.5.1.3  and  II.5.2.4;  so  that,  despite  their  miner- 
alogical  similarities,  they  are  divided  between  two  classes,  but  fall 
within  each  class  into  the  same  order,  the  perfelic.  With  decrease 
of  quartz,  at  one  end  of  the  series,  they  shade  into  rocks  in  which 
the  femic  minerals  are  no  longer  subordinate.  Among  these  femic 
rocks  are  found  varieties  which  have  been  named  minette,  kersantite, 
lamprophyre,  and  shonkinite.  Some  of  these  terms  are  vaguely  used^ 
and  are  very  often  applied  to  rocks  of  a  transitional  character  which 
contain  considerable  amounts  of  soda-lime  feldspars.  The  subjoined 
analyses  represent  some  of  these  femic  syenites. 
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Analyses  offemic  syenites, 

A.  Soda  minctte,  Bratbagen,  Laugendal,  Norway.  Analysis  by  V.  Schmelck.  Described  by  W.  C. 
Brogger  (I>ie  Eruptivgestdne  des  Kristianiagebietes,  vol.  3,  1898,  p.  130).  Contains,  in  approximate 
percentages,  54  soda  feldspar,  29  Jepidomelane,  13  egirine-augite,  2}  apatite,  and  1  sphene.  Magmatio 
symbol,  n.5.2.4.    Aknose. 

B.  Soda  minette.  Had,  Langesond  Fjord,  Norway.  Analysis  by  Scbmelck,  descripticm  by  Br6gger 
(Die  Eruptivgesteine  des  Kristianiagebietes,  vol.  3, 1888,  p.  139).  Contains  about  51|  per  cent  soda  feld- 
spar, 20.5  lepidomelane,  16^^  diopside,  2f  each  of  apatite  and  sphene.    Symbol,  n.6.1.4.    Laurdalou. 

C.  Syenitic  lamprophyre.  Two  Buttes,  Prowers  County,  Colorado.  Analysis  by  W.  F.  Hillebrand. 
Contains,  according  to  W.  Cross,  alkali  feldspar,  diopside,  biotite,  magnetite,  and  olivine.  Symbol, 
ni.5.2.2.    Prwcerfoee, 

D.  ShonUnite,  Beaver  Creek,  Bearpaw  Mountains,  Montana.  Analysis  by  H.  N.  Stokes.  Described 
by  W.  H.  Weed  and  L.  V.  rirsson.  Contains  anorthoclase,  diopside,  biotite,  iron  ores,  and  apatite,  with 
a  very  little  olivine  and  nephelite.    Symbol,  III.5. 1.3. 

E.  Shonkinite,  Yogo  Peak,  Little  Belt  Mountains,  Montana.  Analysis  by  Hillebrand.  Described  by 
Weed  and  Pirsson.  Contains  augite  and  orthodase,  with  biotite,  iron  ore,  andesine,  apatite,  olivine,  and 
•  trace  of  kaolin.    Symbol,  III.6.2.3.    Shonkinose. 


SiO.... 

MgO.. 
CaO... 
NajO.. 

K/).. 
H2O- 

HpO-h 
T1O2.. 
CO,.. 

CI.'... 


P.... 

CtjOj. 
MnO-. 
NiC. 
BaC 
SrO.. 
LiaO. 


A 


} 


51.22 
17.56 
3.51 
4.34 
3.22 
4.52 
5.72 
4.37 

1.93 

1.70 
.60 

1.08 


20 


99.97 


} 


51.95 

50.41 

14.95 

12.27 

4.09 

5.71 

5.70 

3.06 

3.54 

8.69 

6.10 

7.08 

5.43 

.97 

4.45 

7.53 

1.10 

.46 
1.80 

1.95 

1.47 

1 

1.15 


30 


100.71 


.46 

None. 

Trace. 

Trace? 

.03 


.15 
.04 
.23 
.06 
Trace. 


100.42 


50.00 

9.87 

3.46 

5.01 

11.92 

8.31 

2.41 

5.02 

.17 

1.  16 

.73 

.31 

.81 

.02 

.08 

.16 


.11 
Trace. 
.07 
.32 
.07 
Trace. 


100.01 


48.98 

12.29 

2.88 

5.77 

9.19 

9.65 

2.22 

4.96 

.26 

.56 

1.44 


.98 


.22 


Trace. 
.08 


.43 

.08 

Trace. 


99.99 


Norms. 


A 

B 

c 

D 

E 

or 

25.6 
32.0 
9.5 
8.8 
5.3 
5.6 
5.1 
3.2 
2.5 

26.1 
28.3 
3.3 
9.7 
16.8 
3.2 
6.0 
3.7 
2.7 

44.5 
4.2 
6.7 
2.3 

20.4 
8.6 
5.8 
2.8 
1.0 
1.6 

29.5 
8.9 
1.1 
6.2 
28.9 
14.8 
5.1 
1.4 
1.7 

29  5 

ab 

5  3 

an 

8  6 

ne 

6.8 

di 

26  5 

ol 

11.7 

mt 

4.2 

il 

2.6 

ap 

2.2 

hin 

1 

438  DATA  OF  gho(?hem:istby. 

A  comparison  of  the  nonns  under  A  and  B  with  the  niodcs  ua 
given  by  Brdgger  will  show  how  widely  the  two  diveige.  These  two 
rocks  are  in  Class  11;  the  others,  on  account  of  their  higher  propw- 
tion  of  femic  minerals,  fall  in  Class  m.  All  five  of  the  rocks  contain 
micas,  which  acconnts  for  some  of  the  diffomices  betwem  the  mag- 
matic  and  the  mineralogical  composition.  In  A  and  B,  also,  sphene 
is  reported,  while  in  the  norms  the  titanium  is  reckoned  entirdy  as 
ilmenite. 


In  the  norms  of  the  foregoing  rocks  small  quantities  of  n^dielite 
appear.  These  mark  a  transition  from  the  syenites  and  trachytes 
proper  to  the  phonolites  and  nepheline  syenites,  in  which  the  lenad 
minerals  replace  the  alkali  feldspars  to  a  greater  or  less  extent. 
Taking  the  nephelite  rocks  first  in  order,  we  find  an  eruptive  and  a 
deep-seated  group,  just  as  with  the  trachyte-syenite  series.  Quartz 
is  excluded  from  these  rocks,  for  if  it  were  introduced  in  excess  into 
the  magma  it  would  convert  the  lenads  into  feldspars,  nephelite  into 
albite,  and  leucite  into  orthodase.  In  phonoUte  we  have  commonly 
orthoclase,  nephelite,  and  pyroxene;  tinguaite  is  a  varietal  name. 
Some  rocks  richer  in  femic  minerals  than  the  phonolites  have  been 
classed  with  the  basaltic  basanites,  but  they  contain  so  little  soda- 
Ume  feldspar  that  it  is  well  to  include  them  in  the  following  table, 
as  allied  to  phonolite  chemically.  The  subjoined  data  relate  to 
members  of  the  eruptive  series. 

Analyses  of  eruptive  nephelite  rochs. 

A.  rhonolite,  Southboro,  Massachusetts.  Analysis  by  H.  N.  Stokes.  Collected  by  B.  K.  Kmecaoo 
but  not  described.    Magmatics3rmbol,  1.0.1.4.    JiUukase. 

B.  PtaonaUte,  Black  Hills,  South  Dakota.  Analysis  by  W.  F.  Hillebrand.  Described  by  w!  Ctou. 
Contains  oriJioclasc,  nephelite,  segirito,  noselite,  sodaUte,  sphene,  apatite,  and  zircon;  also  secondary 
aeolitcs  and  calcite,  but  no  magnetite.    Symbol,  1.6.1.4.    JJlaakose, 

C.  Phonolite,  Cripple  Creek,  Colorado.  Analysis  by  BUlebrand.  Described  by  Cross.  Contains  ertbo- 
clase,  nephelite,  sodalitc,  noselite,  ffigirite,  etc.    Symbol,  1.6.1.4.     MUukcue. 

D.  Phonolite,  Pleasant  Valley,  Collax  County,  New  Mexico.  Analysis  by  Hillebrand.  Reported  by 
Cross  to  contain  nephelite,  alkali  feldsi>ar,  segirite,  traces  of  magnetite,  and  a  little  noselite  or-  sodalite. 
Symbol,  1.6.1.4.    Mitukotf. 

E.  Tinguaite,  Bear  Creek,  Bearpaw  Mountains,  Montana.  Analj-sis  by  Stokes.  Dcscril^ed  by  W.  H. 
Weed  and  L. *V.  Pirsson.  Contains  orthoclase,  nephelite,  cancrinite,  augite,  cegiritc,  apatite,  a  little  soda* 
lite,  and  a  doubtful  hornblende.    Symbol,  n.6.1.3.   JudUhose. 

F.  Phonolite,  Uvalde  County,  Texas.  Analysis  by  Hillebrand.  Reported  by  Cross  to  contain  ortho- 
clase, nephelite,  and  segirite,  with  a  very  Uttle  horableode,  augite,  and  magnetite.  Symbol,  II.6.1.4. 
Laurdalose. 

Q .  Basanite ,  near  B ig  Mountain,  Uvalde  County ,  Texas .  Analysis  by  Hillebrand ;  description  by  Cross. 
Contains  alkali  feldspar,  augite,  magnetite,  olivine,  nephelite,  n^girite,  biotite,  and  zeolitic  mineraLi. 
Symbol,  n.6.2.4.    Estexoae, 

H.  Basanite,  Mount  Inge,  Uvalde  County,  Texas.  Analysis  by  Hillebrand;  description  by  Crass. 
Contains  orthoclase,  nephelite,  hornblende,  augite,  leglrine-augite,  olivine,  magnetite,  apatite,  and  a 
trace  of  pyrito.    Symbol,  II.7.1.4.    Lujavme, 
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Analyses  of  eruptive  nephelite  rocks — Continued. 
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The  following  table  (•ontaiIl^^  analyses  of  deep-seated  rocks  of  the 
nephelite  series: 

AnahjKB  of  deep-uattd  nepMUe  rocks. 

A .  EleoUte  syenite,  or  Utchfleldlte,  Litdifleld.  Maine.  Analysis  by  L.  Q .  Eakins.  Described  by  W.  8. 
Ba>iey.  Contains  elaolite,  two  feldspars,  and  lepidomelane,  with  accessory  sodalfte,  cancrliilts,  and 
sircon.    Mapnatic  symbol*  1^.1.4.    NordmafkMe. 

B.  Ela)olite  syenite,  BeemersTille,  New  Jersey.  Analysis  by  Eakins.  Described  by  J.  P.  Iddinpi 
Contains  nephelite,  orthoclase,  seglrite,  and  blotite,  with  less  melanite,  titanite,  apatite,  magnetite,  tad 
tiroon.    Symbol,  L5.6.3.    Beemero$e. 

C.  Nephelite  syenite,  Brookville,  New  Jersey.  Analysis  by  O.  Steifer.  Described  by  F.  L.  R^nfipn^^. 
Contains  alkali  feldspars,  altered  nephelite.  amphibole.  biotite,  cancrinite.  plagioclase,  muscovlte,  aogiiini^ 
atigite,  apatite,  fluorite,  and  trails  of  magnetite,  with  secondary  anak-ite,  sericite,  and  natrolita  (f). 
Symbol,  1.6.2.4.     Vieztenon. 

D.  £lax>lite  syenite,  Red  Hill,  Moultonboro,  New  Hampshire.  Analysis  by  W.  F.  Hillebrand;  descr^ 
tion  by  Bayloy.  Contains  ekeolite,  hornblende,  augite,  biotite,  sodalite,  albite,  and  orthoclase,  with 
accessory  apatite,  sphene,  magnetite,  and  an  occasional  tircon.    Symbol,  II.5.1.4.     Umpiekot, 

E.  Nephelite  syenite,  Cripple  Creek,  Colorado.  Analysis  by  Hillebrand.  Described  by  W.  Cross; 
Contains  alkali  fekispars,  nephelite,  sodalite,  augite,  some  segirine,  hornblende,  biotite,  sphene,  apatite, 
and  magnetite.    Symbol,  11.5.2.4.    AkeroH, 

F.  Urtite,  Kola  Peninsula,  Finland.  Analysis  by  N.  Sahlbom.  Described  by  W.  Ramsay.  GeoL 
Fdren.  FGrhandl.,  vol.  IS,  p.  403, 1800.  Contains,  in  percentages,  nephelite,  85.7;  pyroxene,  mostly  cgirite^ 
12.0;  and  apatite,  2.0.    Symbol,  n.9.1.4.     UrUm. 

O .  Ijolite,  livaara,  Finland.  Analysis  by  A .  Zniiaciis.  Described  by  W.  Hackman,  Bull.  Comm.  gM. 
Finland,  No.  11.  1900.  Contains,  in  average  percentages,  nephelite,  51.6;  pyroxene,  39.2;  apatite^  4 J; 
titanite,  2.1;  and  ivaarite,  0.7.    Sjrmbol,  n.9.1.4.     UrUm, 

H.  Theralite,  Crasy  Mountains,  Montana.  Analysis  by  Hillebrand.  Contains,  according  to  J.  B. 
TVolff,  augite,  asgirite,  btotite,  sodalite,  nephelite,  feMspar,  apatite,  magnetite,  and  titanite.  Symbol^ 
ni.7.1.4.     M<M9%M€. 
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A  comparison  of  these  norms  with  the  modes  indicated  in  the  de- 
scriptions of  the  rocks  shows  great  divergencies.  The  normative  and 
actual  minerals  are  only  in  part  the  same.  All  of  the  rocks,  however, 
consist  dominantly  of  alkali  feldspar  and  nephelite,  with  varying 
accessories.  In  the  Brookville  syenite  the  normative  anorthite  shows 
a  gradation  toward  the  plagioclase  rocks.  The  urtite  and  ijolite  rep- 
resent the  highest  proportions  of  nephelite;  and  in  the  theralite  we 
have  the  femic  minerals  forming  nearly  one-half  of  the  rock.  Taken 
aU  together,  the  nephelite  rocks,  eruptive  and  plutonic,  range  from 
1.5.1.4  to  III. 7. 1.4.  The  mineralogical  variations  are  great  enough 
to  justify  a  much  more  minute  subdivision  in  classification  than  they 
are  given  here.  The  many  varietal  names  that  have  been  given  the 
nepheline  syenites  follow  from  a  recognition  of  their  differences. 
Ditroite,  foyaite,  laurdalite,  litchfieldite,  urtite,  and  ijolite  are  exam- 
ples of  this  varied  nomenclature.* 

>  A  very  full  description  of  the  Norwegian  nepheline  syenites  is  given  by  W.  C.  Brdgger  in  his  work  Dla 
Emptivgesteine  des  Kristianiagebietes,  especially  in  part  3  (180S).  L«urdallte,  heumite,  nepheUiM  por^ 
pbyry,  foyaitey  and  hednimite  are  the  nepheUte  rocks  described  in  this  memoir.  A  remarkable  rook 
found  in  Dungannon  Township,  Ontario,  has  been  described  by  F.  D.  Adams,  Am.  Jour.  Sd.,  Ithssr., 
vol.  17, 1901,  p.  269.  It  contains  72.2  per  cent  of  nephelite^  with  15.09  of  hornblende  and  5.14  of  oaaortnita. 
Borne  minor  constituents  are  also  present.  This  rock  Adams  has  named  monmoathite,  and  Its  norm 
differs  widely  from  its  mode.  On  the  origin  of  "alkaline*'  rocks  see  H.  I.  Jensen,  Proc.  Lirni.  Soe.  New 
Sooth  Wftles,  vol.  33, 190S,  p.  491;  H.  A.  Daly,  Bull.  Geol.  8oc.  America,  vol.  21,  1910,  p.  87;  and  C.  H. 
Smyth,  Jr.,  Am.  Jour.  Sd.,  4th  ser.,  vol.  3G,  1913,  p.  33. 


442 


DATA  OF  GEOOHEMISTRT. 


LBTTOITE  BOCnCS. 

The  leucite-beaiing  rocks  are  much  less  common  than  those  carry- 
ing nephelite,  and,  like  the  latter,  have  been  designated  by  various 
names.  The  following  examples  among  those  containing  little  or  no 
soda-lime  feldspar  will  sufBce  to  show  their  composition: 

Analyses  ofleuciU  rocks. 

A.  P8eildolMiflit»«odalit«  tfa^cuau,  Baarpftw  Mountains,  Montana.  Analysis  by  H.  N.  Stokes.  De- 
scribed by  W.  H.  Weed  and  L.  V.  Pinson.  Contains  orthoclase,  nephelite,  sodalite,  noselite,  fPi^rite, 
diopslde,  and  fluorite.  Magmatie  symbol,  XI.7.1.3.  Janeirwe,  Although  leudte  is  not  reported  here,  it 
appears  abundantly  in  the  norm. 

B.  Arkite,  or  leudte  syenite,  Magnet  Cove,  Arkansas.  Described  and  analyzed  by  H.  8.  Wasfalneton, 
Jour.  Geology,  toI.  9, 1901,  p.  616.  Contains,  in  percentages,  orthoclase,  3.9;  leucite,  30.9;  nepheiite,  23.5; 
flpgirite,  8.4;  diopdde,  10.8;  garnet,  14.5.   Symbol,  II.9.I.3.   Arkansnte, 

C.  Wyooilnglte,  Bcar^  Tusk,  Leudte  Hills,  Wyoming.  Analysis  by  W.  F.  Hlllebrand.  Described 
by  W.  Cross.   Contains  phlogopite,  leudte,  diopside,  and  apatite.   Symbol,  lll.a.1.1.     Wifnmingwf. 

D.  Leudtite,  Bearpaw  Mountains,  Montana.  Analysis  by  Stokes.  Described  by  Weed  and  Pirssoa 
as  an  olivine-tlree  leudte  basalt.  Contains  leudte,  augite,  iron  oxides,  rarely  biotlte,  and  a  little  glassy 
base.   Symbol,  Tn.8.1.2.    Ckolote. 

E.  Leudtite,  Albaa  Hills,  Italy.  Described  and  analyied  by  Washington,  Am.  Jour.  8d.,  4th  ser., 
Tol.  9, 1900,  p.  5S.  Contains  leudte,  nephelite,  meliUte,  diopside,  magnetite,  a  trace  of  biotite,  and  scarcely 
any  apatite.  Ssrmbol,  ni.8.2.2.   Alhanoie, 

F.  Madupite,  Leudte  Hills,  Wyoming.  Analysis  by  nillebrand.  Described  by  Cross.  Contains 
diopddeand  phJogoplte,  with  peroCskiteand  magnetite,  in  a  glassy  base  of  nearly  theccmipositiaB  of  leudte. 
Symbol,  111.9.1.2.    iiadupMe, 

O.  Missourite,  Highwood  Mountains,  Montana.  Analsrsed  by  E.  B.  Hurlbut.  Described  by  Weed 
and  PirssoD  in  Bull.  U.  S.  Oeol.  Surrey  No.  237,  Wis,  Contains  leudte,  augite,  biotite,  olivine,  apatite, 
iron  ore,  some  seolltes,  and  analcite.  Symbol,  IV.i.1.2.  In  this  rock,  as  the  symbol  indicates,  (emtc 
minerals  are  dominant. 
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It  is  worthy  of  note  that  there  *are  many  rocks  specifically  desig- 
nated as  leucite-bearing  which,  as  interpreted  by  Washington,  reveal 
no  leucite  in  the  norms.'  It  is  also  to  be  observed  that  the  leucite 
rocks  are  all  effusive  and  never  deep  seated;  at  least  no  plutonic 
member  of  the  group  is  known.  In  an  abyssal  rock,  which  has  con- 
solidated  under  pressure,  water  is  retained;  and  in  such  cases,  when 
magnesium  and  potassiimi  available  for  the  formation  of  oUvine  and 
leucite  are  present,  biotite  is  produced  instead.  Under  ordinary  cir- 
cumstances the  fusion  of  biotite  yields  olivine,  leucite,  some  glass, 
and  a  little  spinel.^  By  fusing  biotite  and  microcline  together, 
Fouqufi  and  L6 vy  *  obtained  a  mixture  of  leucite,  olivine,  and  mag- 
netite, together  with  a  mineral  resembling  meliUte,  which,  however, 
could  not  be  that  species.  A  magma,  then,  which  would  form 
biotite  tmder  pressure,  will  lose  water  if  it  solidifies  at  the  surface 
of  the  earth,  and  may  generate  olivine  and  leucite. 

The  other  lenad  minerals,  sodalite,  noseUte,  and  hauynite,  are  also 
noteworthy  constituents  of  certain  rare  rocks,  which  we  need  not 
consider  in  detail.  SodaUte  syenite,  hauynophyre,  and  nosean  sani- 
dinite  are  names  of  rocks  in  which  these  minerals  are  conspicuous.* 

One  sodaUte  syenite,  however,  is  included  in  the  next  table  of 
analyses,  for  the  reason  that  it  also  contains  analcite,  a  rock-making 
mineral  whose  significance  has  been  realized  only  within  recent  years. 

*  On  the  formation  of  leucite  in  igneous  rocks,  see  H.  S.  Washington,  Jour.  Geology,  vol.  15, 1907,  pp.  2S7, 
SS7.    Also  in  bis  Roman  comagmatic  region.  Pub.  No.  51  Carnegie  Inst.,  Washington,  1006. 

*  See  H.  BSLckstrdm,  Geol.  Foren.  Forhandl.,  vol.  18, 1896,  p.  155. 

*  Synthtee  des  min^raux  et  des  roches,  p.  77. 

i  For  analyses  see  Washington's  Tables,  Prof.  Paper  U.  S.  Geol.  Survey  No.  99, 1917,  pp.  287,  907,  319, 
»28, 439, 571, 573, 583,  075. 
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ANALCITE  ROCKS. 

Tlic  occurrence  of  analcite  as  a  primary  mineral  was  first  recog- 
nized by  W.  Lindgren,'  who  described  certain  rocks  from  Montana 
as  analcite  basalts.  In  them  the  analcite  played  a  part  like  that 
usually  taken  by  the  feldspars.  Since  then  the  mineral  has  be^ 
identified  in  a  considerable  number  of  other  rocks,'  and  W,  Cross* 
has  found  it  to  be  commonly  present  in  the  phonolites  of  Cripple 
CVeek.  According  to  L.  V.  Pirsson/  the  supposed  "glass  base"  rf 
monchiquite  is  really  analcite.  This  rock  was  originally  described 
by  M.  Ilimter  and  H.  Rosenbusch  *  as  consisting  of  olivine,  with 
either  amphibole,  pyroxene,  or  biotite,  or  all  three,  in  a  glassy  groimd- 
mass ;  but  the  composition  of  the  latter  is  that  of  analcite,  and  like 
analcite  it  gelatinizes  with  weak  acids.  In  a  magma  having  the 
general  composition  of  a  nepheline  rock,  the  presence  or  absence 
of  water  is  an  hnportant  factor.  If  water  is  retained,  analcite  is 
likely  to  be  formed;  if  lost,  then  nepheline  is  generated.  Analcite, 
however,  is  more  nearly  akin,  structurally,  to  leucite  than  to  nephe- 
lite,  and  between  the  leucite  and  analcite  rocks  there  are  strong 
resemblances.  The  following  analyses  represent  the  last-named  rock 
family:' 

Analyses  of  analcite  rocks. 

A.  Scxlalito  syenite,  S<iiiare  Butlc,  ITighwood  Mountains,  Montana.  Analysis  by  W.  H.  Melville. 
Poscriboil  by  W.  landgren,  Am.  Joiir.  Sci.,  3d  ser.,  vol.  4^  1S93,  p.  28d.  Contains,  in  percentages,  ortho* 
claso,  50;  albite,  W,  hornblende,  23;  sodalite,  8;  analcite,  3.    Ifagmatic  symbol,  1.5.2.3.    Puia^i>»e. 

n.  Analcite  tinguaite,  Manchester,  Massachusetts.  Analyzed  and  described  by  IT.  S.  Wasliington,  Am. 
Jour.  Sci.,  4th  ser.,  vol.  6, 1808,  p.  182.  Contain.^,  in  percentages,  analcite,  87.4;  albite,  20.9;  nepbelite,  10.9; 
orthoclase,  17.3;  tegirite,  10.2;  pyroxene,  3.3.    Symbol,  1.6.1.4.    lihikote, 

C.  Heronlte,  Heron  Bay,  Lake  Superior.  Analysis  by  H.  W.  Charlton.  Peacribed  by  A.  P.  Coleman, 
Jour.  Geology,  vol.  7, 1899,  p.  431.  Contains,  in  percentages,  analcite,  47.0;  orthoclase,  28.24;  labradorite^ 
13.0;  segirito,  4.04;  limonite,  3.59;  calcite,  1.96.    Symbol,  1.6.1.4.    Wtatkote, 

D.  Monchiquite,  Little  Belt  Mountains,  Montana.  Analysis  by  }f.  N.  Stokes.  Described  by  W.  H. 
Weed  and  L.  V.  Pirsson.  Contains  olivine,  augite,  biotite,  analcite,  and  apatite,  with  traces  of  serpentine 
and  chlorite.  Symbol,  III.6.1.4.  No  subrang  name  assigned.  Called  analcite  basalt  in  Washingtoo's 
tables. 

K.  Monchiquite,  Cabo  Frio,  Brazil.  Describe*!  by  Hunter  and  Rosenbusch,  Min.  pet.  Mitt.,  vol,  11. 
1^  p.  445.  Analysis  by  M.  Himter.  The  type  of  monchiquite,  as  described  above.  Symbol,  UI.(L2.4. 
Monchiquoae. 

F.  Monchiquite,  Big  Baldy,  Little  Belt  Mountains,  Montana.  Analysis  by  W.  F.  Hillebrand.  De- 
icribcd  by  Weed  and  Pirsson.  Contains  pyroxene,  a  few  serpentinized  olivines,  iron  ore,  and  apatite,  in  a 
base  of  analcite.    Symbol,  111.6.2.4.    Mondiiquose. 

O.  Monchiquite,  High  wood  Mountains,  Montana.  Analy.«5is  >»y  H.  W.  Foote.  Des^cribed  by  Weed  and 
Pirsson.  Contains  augite,  olivine,  biotite,  iron  ore,  apatite,  and  analcite,  with  some  serpentine  and  a  little 
kaolin.    Symbol,  III.6.2.4.     Xfon^iquose. 

H.  Analcite  basalt,  near  Cripple  Creek,  Colorado.  Analysis  by  Hillebrand.  Described  by  W.  CYost. 
Contains  augite,  olivine,  analcite,  alkali  feldspars,  biotite,  and  apatite.    Symbol,  111.0.2.4.     MondiifMae, 


»  Proc.  ralifornia  Acad.  Sci.,  2d  ser.,  vol.  3, 1891,  p.  51 

>  See  citations  under  analcite  in  Chapter  X,  ante,  p.  363. 

«  Sixteenth  Ann.  Kept.  U.  S.  Geol.  Survey,  pt.  2, 1S96,  p.  32. 

<  Jour.  Geology,  vol.  4,  1896,  p.  679. 

»  Min.  pet.  Mitt.,  vol.  11, 1890,  p.  454. 

•  On  the  analcite  rocks  of  Sardinia,  see  II.  S.  Waslilngton,  Jour.  Geology,  vol.  22, 1914,  p.  742L  A  nanarka- 
ble  rock,  blairmorite,  containing  71  i)er  cent  of  analcite,  found  near  Crowsnest  Pass,  Alberta,  is  described 
by  J.  D.  MacKenzic,  Dept.  Mines,  Canada,  Museum  Bull.  Xo.  4, 1914.    Analysis  by  M.  F.  Connor  on  p.  23. 
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111  tliese  norms  analcite  is  represented  by  normative  nephclit^;  and 
biotite,  in  part,  by  olivine.  The  anorthite  in  some  of  them  indicates 
a  shading  toward  the  plagioclase  rocks. 
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THB  XONZONITE  QBOXTP. 

The  rhyolite-granite  series  of  rocks,  and  the  trachyte^yenite  series 
also,  are  defined  by  the  predominance  in  them  of  alkali  feldspars,  and 
commonly  of  orthodase.  The  andesite-diorite  series,  on  the  other 
hand,  is  characterized  by  plagioclase  feldspars;  but  between  these 
rocks  and  those  already  described  there  are  all  sorts  of  gradations. 

Between  the  orthodase  and  plagioclase  rocks,  therefore,  considera- 
tions  of  convenience  have  led  to  the  formation  of  an  intermediate 
group,  whose  granitoid  members  are  known  as  monzonites.  Quartz 
monzonite  corresponds  to  granite,  monzonite  to  syenite,  and  so  on. 
The  effusive  equivalents,  intermediate  between  trachyte  and  andesite, 
have  been  named  latites.  All  these  rocks  carry  orthodase  or 
anorthodase  with  plagioclase  in  approximately  equal  amounts,  with 
or  without  quartz,  and  with  smaller  amounts  of  the  ferromagnesian 
silicates.  The  next  table  of  analyses  represents  members  of  this 
intermediate  group. 

Analysts  of  monzonites  and  latiUs. 

A.  Quartt  monioilite,  HftUey,  Idaho.  Analysis  by  W.  F.  HlDebrand.  Described  by  W.  Lindfno. 
CoDtains  quarts,  orthoclase,  microcUne,  oUgoclase,  biotito,  apatite,  titanitc,  and  magnetite.  Magmatio 
symbol,  1.4.2.3.     Toseanate. 

B.  Quarts  monsonite,  Telluride  quadrangle,  Colorado.  Analysis  by  H.  N.  Stokes.  Described  by  W. 
Cross.  Contains  orthodase  and  plagioclase  in  nearly  equal  amounts,  quartz,  augite,  hornblende,  biotite, 
magnetite,  and  apatite.    Symbol,  1.4.2.3.     To9canote. 

C.  Biotlte-augite  latite,  near  Clover  Meadow,  Tuolumne  County,  California.  Analysis  by  HiUebrand. 
Described  by  F.  L.  Ransome.  Contains plagiodase,  biotite,  augite,  magnetite,  apatite,  and  glass.  Symbol, 
1.4.2.3.    ToBcanose, 

D.  Monzonite,  Tintic  district,  Utah.  Analysis  by  Stokes.  Described  by  G.  W.  Tower  and  O.  O.  Smith. 
Contains  orthodase,  plagioclase,  quarts,  hornblende,  biotite,  magnetite,  apatite,  zircon,  and  titanite,  with 
a  Uttle  chlorite  and  cpidotc.    Symbol,  II.4.3.3.    Hanote. 

E.  Monzonite  (yogdte),  Yogo  Peak,  Little  Belt  Mountains,  Montana.  Analysis  by  Hillebrand.  De- 
scribed by  W.  H.  Weed  and  L.  V.  Firsson.  Contains  orthodase,  oligoclase,  pyroxene,  hornblende,  biotite, 
apatite,  titanite,  iron  ore,  and  a  little  kaolin.    Symbol,  II.5.2.3.    Momonote. 

F.  Augite  latite,  Dardanelle  flow,  Tuolumne  County,  CaUfomia.  Analj-sis  by  Stokes.  Described  by 
Ransome.  Contains  plagioclase,  augite,  inm  ore,  some  olivine,  apatite,  and  brown  glass.  Symbol,  II.5.2.3. 
Momow>»e. 

0.  Augite  latite.  Table  Mountain,  Tuolumne  County,  CaUfomia.  Analysis  by  Hillebrand.  Described 
by  Ransome.    Contains  labradorite,  olivine,  augite,  and  magnetite.    Symbol,  II.5.3.3.    8hoBhono9e. 

H.  Monzonite,  La  Plata  Mountains,  Colorado.  Analysis  by  Stokes.  Descril)ed  by  Cross.  Contains 
orthodase  and  plagioclase  in  nearly  equal  amounts,  augite,  hornblende,  quartzite*  titanite,  magnetite,  and 
apatite.    Symbol,  IL5.3.4.    AndoH. 
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AnMly$e$  of  momtmites  and  latiU9 — Continued. 
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DATA  OF  GEOCHEBflSTBT. 


THE  ANDSSITE-DIOItlTE  8SBIE8. 

From  the  mouzonite  group  to  the  dacites  and  quartz  diorites  the 
gradation  is  very  slight.  These  rocks,  which  mark  the  persilicic  end 
of  the  andesite-diorite  series,  are  characterized  by  quartz,  with 
plagioclase  as  the  prevailing  feldspar,  and  with  subordinate  amounts 
of  femic  minerals.  The  dacites  are  eruptive  rocks;  the  quartz 
diorites  are  their  granitoid  or  plu tonic  equivalents.  They  correspond 
to  rhyolite  and  granite  in  the  orthoclase  series,  and  between  dacite 
and  quartz  diorite  there  are  porphyritic  forms  analogous  to  the 
quartz  porphyries.  For  dacites  and  quartz  diorites  a  single  group  of 
analyses  must  suffice,  as  foUows: 

Analyses  of  dacites  and  quartz  dioritct, 

A.  Padt«,  Bear  Creek  Falls,  Shasta  County,  California.  Analysis  by  R.  B.  Rif^.  Described  by  J.  8. 
1>iller.  Contains  plagioclase,  with  a  little  sanidine,  hornblende,  quartz,  magnetite,  some  pyroxene  inclu- 
sions, and  glass.    Magmatic symbol,  1.4.2.4.    Lasseno9f. 

B.  Quartx  diorite,  near  Enterprise,  Butte  County,  California.  Anal3rsis  by  W.  F.  Hillebrand.  Retorted 
by  H.  W.  Turner  to  oontain  plagioclase,  potash  feldspar,  quart  r,  hornblende,  mica,  and  accessories.  Byro- 
bol,  1.4.2.4.    LoMtnott. 

C.  Dacite,  Sepulcher  Mountain,  Yellowstone  National  Park.  Anal}*sis  by  J.  K.  Whitfield.  Described 
by  J.  P.  Iddings.    Contains  plagioclase,  (|uartz,  biotite,  and  hornblende.    Symbol,  1.4.3.4.     Yeathcttonou. 

D.  Quarts  diorite.  Pigeon  Point,  Minnesota.  Analysis  by  Hillebrand.  Described  by  W.  S.  Bayley.  Con- 
tains feldspar,  quartz,  hornblende,  chlorite,  magnetite, apatite, and rutile.    Symbol,  II. 4.2.3.    AdamdUkt* 

E.  Quarts-mica  diorite,  near  Milton,  Sierra  County,  California.  Analysis  by  Ilillebrand.  Described 
by  Tomer.    Contains  plagioclase,  quartz,  hornblende,  brown  mica,  iron  ore,  and  apatite.    Hnrzwe. 

F.  Quart>-mica  diorite.  Electric  Peak,  Yellowstone  National  Park.  .Xnalj'sis  by  Wliitfield.  Described 
by  Iddings.  Contains  plagfocla.<«e,  orthoclase,  quartz,  biotitc,  hornblende,  augite,  and  hyperstheoe. 
Symbol,  II.4.3.4.     Tonalo»e. 

O.  QuartK-mica  diorite,  Yaqui  Creek,  Mariposa  County,  California.  Analysis  by  C .  Stdger.  Described 
by  Turner.  Contains  plagioclase,  quartz,  biotite,  hom)>lende,  a  little  pjToxene,  iron  ore,  and  apatite. 
Symbol,  1 1 . 4 .3. 4 .     1  onalwe. 

11.  Quartz-mica  hornblende  diorite.  Stone  Rim,  Cecil  County,  Maryland.  Analysis  by  Hillebrand. 
Described  by  A.O.  Leonard.  Contains  hornblende,  biotite,  quartz,  plagiocla.'^e,  a  little  orthoclase,  zircon, 
apatite,  titanitc,  and  magnetite,  with  secondary  chlorite  and  epidote.    Symbol,  II. 4.4.3.    Bandwe. 
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With  these  rocks  it  must  be  borne  in  mind  that  normative  ortho- 
clase  in  part  represents  biotite.  The  actual  orthoclase,  therefore,  will 
be  less  in  amount  than  appears  in  the  norms. 

Dacite  is  a  quartz  andesite;  and  the  andesites  which  are  poor  or 
lacking  in  quartz  form  a  group  of  rocks  parallel  with  the  trachytes. 
They  contain  plagioclase  as  a  principal  constituent,  with  subordinate 
biotite,  hornblende,  or  pyroxene.  Six  analyses  of  andesites  are  given 
in  the  next  table. 
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DATA  OF  GEOCHE2CI8TRT. 


* !  7ialyscs  of  cndetites. 

A.  From  Pikes  Peak,  Colorado.  Analysis  by  W.  F.  Hillebnmd.  According  to  W.  Cross,  it  ooataioi 
plagioclase,  orthoclase  (?),  augite,  iddingsito,  bypersthene,  flak«e  of  limonite,  and  a  little  tridjrmlte- 
ICagmatic  symbol,  1 .5.3.3.    Fula$ko$€. 

B.  From  Silver  Cliff,  Colorado.  A  Qal3r8i8  by  L.  G .  Eakins .  Described  by  Cross.  Contains  plagioclase, 
orthoclase,  augite,  biotlte,  hornblende,  quartz,  magnetite,  and  apatite.    Symbol,  II.5.2.4.    Akerote, 

C.  Augite  andesite,  PIko  Mountain,  Yellowstone  National  Park.  Analysis  by  HlUebrand.  Aocordii^ 
to  Arnold  Hague  and  T.  A.  Jaggar  it  oontains  plagiocla?^,  augite,  apatite,  magnetite,  and  serpentiniaed 
olivine.    Symbol,  IL5.3.3.    Skotkonose, 

D.  Anglte-bronzite  andesite,  Unga  Island,  Alaska.  Analysis  by  Hillebrand.  Described  by  G.  F.  Beckir. 
Contains  plagioclase,  augite,  l>ronxite,  a  little  glass,  and  some  indeterminate  material.  Symbol,  IL5^4. 
Ando8e. 

E.  Hypersthene  andesite,  Franklin  Hill,  Plumas  County,  Calffomla.  Analysis  by  HUlebrand.  Bt* 
ported  by  H.  W.  Turner  to  oontam  plagioclase,  rhombic  pyroxene,  augite,  and  magnesite.  Symbo!* 
II.5.4.3.    Hessose. 

F.  Augite  andesite,  near  Electric  Peak,  Yellowstone  National  Pork.  Analysis  by  HlUebrand. 
Described  by  J.  P.  Iddings.  Contains  plagioclase,  malacolite,  adinolite,  and  magnetite.  Symbol,  111.5.3 J. 
KentaUenMe. 
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Diorite  is  the  plutonic  equivalent  of  andesite.  It  is  commonly 
defined  as  a  granitoid  rock  consisting  chiefly  of  plagioclase,  with 
either  biotite  or  hornblende,  or  both ;  but  many  diorites  carry  pyrox- 
ene also,  and  shade  into  the  gabbros.  In  fact,  as  the  femic  minerals 
become  more  prominent  in  rocks  the  problems  of  classification 
become  more  complex,  and  the  results  are  less  satisfactory  than  with 
the  similar  mixtures  of  feldspar  and  quartz.    A  variety  of  diorite  is 
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'called  "camptonite."    Tonalite  and  kersantite  are  other  varieties. 
The  following  analyses  represent  the  diorite  group: 

Analyses  of  dioHies. 

A.  Diorite,  Mount  Ascutney,  Vermont.  Analysis  by  \V.  F.  TlUlebrand.  Described  by  R.  A.  Daly. 
Contatiis  hornblende,  aiigite,  biotite,  plagioclase,  titaniferous  magnetite/ titanite,  tircon»  and  qnartc. 
Ifagmatic  symbol,  11.5.2.3.    Monzonote. 

B.  Diorite  porphyry,  La  Plata  Mountains,  Colorado.  Analysis  by  Hillehrand.  Described  by  W.  Cross. 
C«it»tn»  hornblende,  plagioclase,  orthoclase,  quartz,  titanite,  apatite,  and  magnetite,  with  secondary 
cpidote,  chlorite,  and  ealcite.    Symbol,  II.5.2.4.    A  kerose. 

C.  Diorite,  Crazy  Mountains,  Montana.  Analysis  by  Ilillebrand.  According  to  J.  E.  Wolff  it  contains 
hiotlte,  Ubradorite,  augite,  orthoclase,  quartz,  magnetite,  apatite,  and  hornblende.  Symbol,  II.S.3J. 
8lto§konoM, 

D.  TooaUte,  South  Leverett,  Massachusetts.  Analysis  by  L.  Q.  Eakins.  Described  by  B.  K.  Emerson. 
Ogntftins  feldspar,  hornblende,  and  epidotic  quartz  veins.    Symbol,  II.5.3.4.    AndoH.  ^  • 

E.  Diorite,  South  Honcut  Creek,  Butte  County,  Calirornia.  Analysis  by  TTillebrand.  Reported  by 
H.  W.  Turner  to  contain  feldspar,  hornblende,  and  a  little  chlorite.    Symbol,  U.5.3.5.    B««r6acho«f. 

F.  Camptonite,  La  Plata  Mountains,  Colorado.  Analysis  by  Ilillebrand.  Reported  by  Cross  to  contain 
honibleDde,  augite,  plagioclase,  orthoclase,  magnetite,  apatite,  and  some  secondary  ealcite.  Symbol, 
in.5.3.a.    KenUiJOeMMt. 

O.  Camptonite,  Mount  Ascutney,  Vermont.  Analysis  by  Ilillebrand.  Described  by  Daly.  Contains 
idagiodase,  hornblende,  a  little  augite,  olivine,  magnetite,  and  apatite.     Symbol,  III.5.3.4.     Cbnipfoiioee. 

H.  Diorite,  Hump  Mountain,  Mitchell  County,  North  Carolina.  Analysis  by  Hillebrand.  Reported 
•by  A.  Keith  to  contain  plagioclase,  orthoclase,  hornblende,  quartz,  biotite,  magnetite,  and  gameti  Sym- 
bol,III.5.4.3.    AuveTffnose. 
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Trace. 

.02 

.05 
Trace. 
Trace. 

Trace? 

SiO 

Trace? 

140 

Trace. 

FeS, 

.32 

99.75 

99.96 

100.69 

100. 12 

100.12 

100. 46 

99.80 

99.98 

Norms. 
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4.9 
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15.0 
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16.1 
44.0 
13.9 

3.1 
18.9 
25.7 
19.5 

2.3 
14.5 
26.7 
23.4 

5.0 

4.4 

41.9 

20.3 

or 

15.0 
17.8 
22.8 
1.4 
21.4 
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7.4 
2.3 

11.1 
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20.3 

3.9 

ab 

22.5 

an 

29.2 

ne 

di 

2.5 
6.9 

5.7 
5.5 

27.8 
2.7 

8.1 
18.4 

5.9 
16.5 

15.1 
9.2 
6.4 
3.5 
5.4 

15.1 

hy 

8.1 

of..:..;::::::::::::: 

10.7 

mt 

3.2 
2.9 
1.3 

3.2 
1.2 

1.2 
1.1 

2.6 
1.7 

2.3 
1.1 

4.2 

il 

3.8 

ap 

\ 
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DATA  OF  GEOCHEMISTBY. 


THE  BA8AXT8. 

The  basalts  form  an  ill-defined  group  of  lavas  which  vary  from  the 
andesites  in  containing  a  larger  proi>ortion  of  the  femic  minerals. 
Plagioclase,  pyroxene,  often  olivine,  and  magnetite  are  the  principal 
minerals  of  basalt,  but  many  variations  of  it  are  known.  Some 
basalts  are  free  from  olivine,  other  examples  contain  such  minerals  as 
leucite,  nephelite,  melilite,  etc.  Hornblende  basalts  are  known,  but 
they  are  rare.  In  a  few  basalts  quartz  has  been  identified,  but  its 
presence  is  anomalous  and  not  well  explained.'  The  following 
analyses  relate  to  basalt,  as  the  unqualified  term  is  commonly  used. 

Anahjsf 8  of  basalts. 

A.  Basalt,  early  flow,  Table  Mountain,  Colorado.  .Analysis  by  L.  G.  Eakins.  Described  by  W.  Cross. 
Contains  augite,  olivine,  plagiodase,  probably  orthoclase,  magnetite,  apatite,  and  a  little  bioUte.  Mag- 
matJc  .symbol ,  1 1 .5.3.3.    Skoihonou. 

B.  Basalt,  Saddle  Mountain,  Pikes  Peak,  Colorado.  Analysis  by  W.  F.  HiUebrand.  Described  by 
Cross.  Contains  auglte,  olivine,  plagioclase,  orthoclase,  magnetite,  biotite,  and  apatite.  Symbol,  n.5.3.4. 
Ando9e. 

C.  Quarts  basalt.  Cinder  Cone,  near  Lassen  Peak,  California.  Analysis  by  HiUebrand.  Described  by 
J.  8.  Diller.  Contains  plagioclase,  pyroxene  (mostly  bypersthene),  olivine,  quarts,  magnetite,  auglte 
sparingly,  and  much  unindividualited  base.    Symbol,  II.5.3.4.    Andtue. 

D.  Basalt,  Son  Joaquin  River,  Madera  County,  California.  Analysis  by  HiUebrand.  Reported  by 
H.  W.  Turner  to  contain  pyroxene,  partly  augite,  plagioclase,  olivine,  and  iron  ore.  Symbol,. n.5.3.4. 
Andote. 

E.  Basalt,  McCloud  River,  near  Mount  Shasta,  California.  Analysis  by  H.  N.  Stokes.  Not  described. 
Symbol,  11.5.4.3.    Heuote. 

F.  Basalt,  San  Rafael  flow,  Colfax  County,  New  Mexico.  Analysis  by  HiUebrand.  According  to  Cross 
it  contains  plagioclase,  augite,  olivine,  much  Iddingsite,  magnetite,  and  apatite.  Symbol,  UI.5.3.4.  Otmp' 
ionos€. 

G.  Basalt,  Pine  Hill,  South  Britain,  Connecticut.  Analysis  by  HiUebrand.  Described  by  W.  H.  Hobbs. 
Contains  plagioclase,  augite,  olivine,  and  magnetite.    Symbol,  III.5.4.3.    Auvrrgnote. 
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C 

I) 

K 

F 

G 

SiOo 

49.69 
18.06 
2.64 
6.19 
5.73 
8.24 

3.90 

}      .91 

.85 
.81 

48.76 

15.89 

6.04 

4.56 

5.98 

8.15 

3.43 

2.93 

.40 

1.48 

1.65 

.60 

57.25 
16.45 
1.67 
4.72 
6.74 
7.65 
3.00 
1.57 

}      .40 

.60 
.20 

51.89 

15.28 

3.10 

3.60 

8.68 

7.38 

3.27 

2.57 

1.17 

1.37 

.91 

.61 

47.94 

18.90 

2.21 

8.59 

8.21 

9.86 

2.81 

.29 

.39 

.74 

.57 

.15 

48.35 

15.47 

4.80 

7.58 

8.15 

8.81 

3.09 

.95 

.28 

.73 

1.33 

.33 

.07 

52.40 

AU\ 

13.55 

■"■■2      3    •••••••-*•-"-••• 

FgoO, 

2.73 

FeO 

9.79 

McO 

5.53 

CaO 

10.01 

KooO 

2.32 

K-O 

.40 

H2O- 

.62 

H,0+ 

1.05 

TiO, 

1.08 

p„o. 

.12 

s5a?..-.... 

CI 

.13 
.13 

MnO 

.13 

.10 

.12 
.02 
.15 
.09 
Trace. 

Trace. 

None. 
None. 
Trace. 

.21 
.02 
.06 
.03 
Trace. 

.26 

NiO 

Trace. 

BaO 

.17 
.06 

.03 
Trace. 
None. 

Trace. 

HrO 

None. 

Li^O 

None. 

FeS, 

.13 

1 

100.27 

100.23 

100.38 

100.21 

]  00.  66 

100.26 

99.99 

>  See  J.  S.  DUler,  Bull.  U.  S.  deol.  Sun  ey  No.  79, 1891. 
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A 

B 

C 

D 

E 

F 

G 

Q 

6.9 

9.5 

25.2 

26.7 

6.7 

or 

22.8 

19.4 

24.5 

3.1 

9.4 

17.2 
26.7 
19.2 
1.1 
14.1 

15.0 
27.8 
22.2 

1.7 
23.6 
38.1 

5.6 
26.2 
25.6 

2.2 

ab 

19.4 

an r . 

25.6 

Be 

di 

9.0 
18.9 

'""2.3' 
1.1 

9.0 
7.9 
7.2 
4.6 
1.7 
1.2 

8.9 
5.9 
17.0 
3.2 
1.1 

14.7 
6.7 

10.5 
7.0 
2.5 

19.7 

liy 

18.1 

of...:....::: 

12.8 
3.7 
1.7 
1.9 

6.5 
8.6 
3.1 
1.3 

mt 

3.9 

il 

2.2 

ap 

•1' «.«....-...--. 

The  following  table  contains  analyses  of  a  number  of  exceptional 
rocks,  which  are  classed  with  the  basalts,  but  vary  from  them  in 
having  the  feldspar  more  or  less  replaced  by  leucite,  nephelite, 
or  melilite.  The  unique  venanzite  is  placed  here,  as  being  more 
nearly  akin  to  this  group  of  rocks  than  to  any  other.  The  analcite 
basalts  given  in  a  previous  table  properly  belong  here  also,  and  so 
perhaps  do  some  of  the  rocks  described  in  connection  with  the  tables 
on  pages  438r-445. 
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DATA  OF  0£OCH£MI6TRT. 


Analy9f$  of  basaltic  roekM. 

A.  Kulaite.  Kula,  Lydia.  Asia  Minor.  Doscribed  and  onalj-zed  by  H.  S.  Washingtoa,  Jour.  Geology, 
▼ol.  8, 1900,  p.  613.  Cootains,  in  percentages,  anorthite,  17.9;  alhit<».  8.4:  orthoc!a.<ie,  23.4;  nepheHto,  20.4; 
diopside,  12.8;  olivine,  10.7;  magnetite,  3.8;  apatite,  1.8.  Ttie  diopside  is  derived  from  hornbleiide. 
Magmatic symbol,  II.6.2.4.    Essuose. 

B.  Leadte  Inilaite,  Kuta.  Described  and  analysed  by  Washington,  loc.  cit.  Contains,  in  percentages, 
anorthite,  17.9;  albite,  23.6;  leucite,  17.4;  nephelite,  12.8;  diopside,  13.8;  olivine,  9.5;  magnetite.  3.7. 
Symbol,  II.6.2.4.    Eueiote. 

C.  Basalt,  Pinto  Moantain.  Uvalde  County,  Texas.  Analysis  by  W.  F.  Hillebrand.  Described  by 
W.  Cross.  Contains  oHvine,  augite,  plagioclase,  magnetite,  apatite,  and  a  very  little  alkali  feldspar. 
Symbol,  II  1.6.3.4.    lAmburgote, 

D.  Leucite  basalt,  Highwood  Mountains,  Montana.  Analysis  by  H.  W.  Foote.  Described  by  W.  H. 
Weed  and  L.  V.  Pirsson.  Contains  augite,  oHvine,  l>iotite.  some  leucite.  analcite,  iron  ore,  and  apatite. 
Symbol,  III.7.2.3.    No  subrang  name  given. 

.  E .  Venansite  or  euctolite,  San  Venanxo.  Umbria.  Italy.  Described  by  H .  Rosenbtisch,  Sitznngsb.  Akad. 
Berlin,  1899,  pt.  1,  p.  111.  Contains  olivine,  melilite.  leucite,  Itiotite.  magnetite,  some  zeolites,  and  a  trace 
of  nephelite.    Symbol,  IV.  1^.1.2.     Venamote. 

F.  Nephelite  basalt,  Tom  Munn's  Hill,  Uvalde  County.  Texas.  Analysis  by  Hillebrand.  Described  by 
Cross.    Contains  oUvine,  augite,  nephelite,  magnetite,  and  apatite.    Symbol,  IV.2<.1.2.     Ur^dott. 

O.  Nephelite  basalt.  Black  Mountain,  Uvalde  County,  Texas.  Analysis  by  Hillebrand.  Described  by 
Cross.    Contains  olivine,  augite,  nephelite.  magnetite,  and  apatite.    Symbol,  IV.2>.1.2.     Uvald—t, 

H.  Nephelite-melilite  basalt,  near  Uvalde.  Texas.  Analysis  by  Hillebrand.  Described  by  Cross. 
Contains  nephelite,  melilite,  olivine,  angite,  apatite,  and  magnetite.    Symbol.  IV.2>.1.2.    OutHote. 


A 

K 

1 

c 

D 

E 

41.43 
9.80 
3.28 
5.15 
13.40 
16.  62 
1.64 
7.40 

1  1.11 

.29 
None. 

F 

40.32 

9.46 

4.75 

7.48 

18.12 

10.  55 

2.62 

1.10 

.57 

1.25 

2.66 

.68 

.01 

Trace. 

.05 

.04 

G 

39.92 
8.60 
4.40 
8.00 

20.17 

10.68 
1.91 
1.03 
.43 
1.45 
2.70 
.51 

Trace. 

Trace. 
.07 
.04 
.14 
.24 
.06 
.06 
.04 

Trace. 

H 

8iO, 

48.35 

19.94 

2.48 

5.25 

5.15 

7. -98 

5.47 

3.99 

.16 

.22 

.12 

.84 

49.90 

19.89 

2.55 

4.78 

5.05 

7.21 

5.60 

3.74 

.13 

.19 

.93 

Trace. 

45. 11 

12.44 

2.67 

9.36 

11.56 

10.  61 

3.05 

1.01 

.16 

.78 

2.34 

.51 

.01 

46.04 
12.23 
3.86 
4.60 
10.  38 
8.97 
2.42 
5.77 

\  2.87 

.64 
1.14 

37.96 

AlA 

10.14 

*"3vj« 

F^Oa 

3.69 

FeO 

7.59 

MgO 

14.69 

CaO 

16.28 

NajO 

2.18 

KoO 

.69 

HoO- 

.39 

H,0-f 

1.82 

TiO- 

2  93 

p,o. 

1  13 

s!. !..... .;.::::..:: 

.04 

so, 

Trace. 
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.03 

CI. 

.'ii' 

Undet. 
.04 

Trace. 

F 

.07 

VoOa 

.  ..... 

.05 

Cr,0, 

.08 

MnO 

Trace. 

Trace. 

.22 
.04 

Trace. 

Trace. 

None. 

Trace. 

.25 
.06 
.06 
.03 
Trace. 

.22 

NiO 

.04 

BaO 

.48 
.25 

.06 

SrO 

'.05 

LLO 

Trace. 

•-.•r|-vj- 

99.95 

99.97 

100.02 

99.  76 

100.12 

100.09 

100.45 

100.13 
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23.4 

8.9 

18.1 

20.1 

22.4 
13.6 
18.1 
18.2 

6.1 
13.1 
17.2 

6.8 

22.2 

3.3 

ab 

SOi 

5.3 
11.1 

25.0 

""32.*3* 
29.8 
2.8 
.6 

11. 1 
11.9 

12.0 
8.5 

18.6 

ne 

9.9 

kp 

":::...:: ::::: 

9.6 

2.6 

4.9 

3.1 

ac 

di 

13.4 
10.1 

14.2 
7.6 

26.4 
19.8 

26. 3 
12.3 

29.3 
26.2 

"7.0' 
5.1 

1.6 

24.6 
32.1 
2.4 
6.3 
5.1 
1.2 

13.5 

ol 

26.1 

am 

13.8 

mt 

3.8 

3.7 
1.7 

3.9 
4.3 
1.1 

1 

5.6 
1.2 
2.6 

5.3 

il 

4.4 

aD 

1.8 

2.6 

••I'* 

The  appearance  of  normative  kaliophilite  in  analysis  E  is  very 
striking.  The  absence  of  normative  leucite  from  the  *'  leucite  kulaite " 
is  also  noticeable. 

DIABASE. 

Intermediate  in  texture  between  basalt  and  the  granitoid  gabbros 
are  the  diabases,  which,  like  basalt,  are  principally  composed  of  pla* 
gioclase,  augite,  ^lagnetite,  and  sometimes  olivine.  Their  range  of 
composition  is  fairly  well  shown  in  the  next  table. 


( 
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DATA  OF  GEOCHEMISTRY. 


Analyses  of  tiiaba$f, 

A.  Turnpike  Creek,  Kittitas  County,  Washington.  Analysis  by  W.  F.  HlUebraiid.  Reported  bj  G.  0. 
Smith  to  contain  phiiloclase,  aiigite,  ohTine,  magnetitej  and  apatite.  Ifafmatic  symbol,  n.4JL4. 
TimtUote, 

B.  Orass  Valley,  Nevada  County,  California.  Analysis  by  H.  N.  Stokes.  Described  by  W.  Lindgiw. 
Contains  feldspar,  pyroxene,  horableiide,  ilmenite,  pyrrhotite,  pyrite,  and  ehlorite.  with  probably  a  Itttto 
quartz.    Symbol,  II.4.4.3.    Bandote. 

O.  Shoshone  Canyon,  Yellowstone  National  Park.  Analysis  by  Hillebrand.  Contains,  aecordtaf  to 
Arnold  Haini«  and  T.  \.  Jaggar,  plagiodase,  augite,  and  chlorite.    Symbol,  11.5.3.4.    Andow. 

D.  Aroostook  FaUs.  Maine.  Analysis  by  Hillebrand.  Description  by  H.  E.  Gregory.  Contains  plft> 
gioclase,  pyroxene,  pyrite,  apatite,  chlorite,  and  a  little  caldte.    Symbol,  II.5.3.5.    Btfrhmko^e, 

E.  Diabase  porphyry,  near  Milton.  Sierra  County.  California.  Analysis  by  HiUobrond.  Described  by 
H.  W.  Turner.    Contains  phigIogU»e,  augite,  and  hornblende.    Symbol,  III .5.3.4.    O^mplotiott. 

F.  Mount  Ascutney,  Vermont.  Analysis  by  Hillebrand.  Described  by  R.  A.  Daly.  Contains  plaglih 
clase.  augite,  and  magnetite.    Symbol,  I II.5.4.3.    Auvtrffnote. 
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18.19 

3.31 

4.36 

4.69 

6.51 

4.58 
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Trace. 
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57.21 

12.99 

3.28 

10.18 
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5.97 
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1.72 

53.19 

17.12 

4.35 

5.16 

3.98 

9.39 

2.79 

.28 

.17 

1.21 

1.34 

49.64 

15.07 

1.66 

8.82 

5.43 

7.23 

4.19 

.89 

.45 

2.81 

2.32 

.32 

.29 

51.27 

12.14 

2.51 

6.71 

10.88 

10.32 

2.00 

1.63 

.17 

1.16 

.60 

■  ".'2i' 

49.63 

AlA 

14.40 

Fe^O, 

2.85 

*  ^3^^3 

Fe<) 

8.06 

McO 

7.25 

CaO 

9.28 

NiuO 

kJo 

2.47 
.70 

HoO- 

.27 

H,0-f 

1.47 

TiO. 

1.68 

CO, 

1.86 

p,o*....!.' 

44 

.13 



.25 

ct ::::::::::.:::,: 

.07 

VjOj.            

None. 

.24 
Trace. 

.06 
Trace. 
Trace. 

.13 

.04 
.25 
Trace. 
.02 
.05 

*   "'.'79' 

Mn() 

Trace. 

Trace . 

........ 

.94 

.14 

Trace. 

.11 

.06 

Trace. 

.21 
.04 
.07 

Trace? 

Trace. 

.17 

NiO 

.04 

BaO 

Trace  ? 

SrO 

LU) 

FeSa 

.22 

100.20 

100. 05 

100.04 

100.27 

99.92 

100.17 

Norms. 
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B 

10.4 
1.7 
23.6 
33.4 
10.6 
9.5 

C 
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F 
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15.4 
9.5 

26.2 

16.7 
8.9 

12.5 
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'«^.... 
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11.1 
38.8 
23.4 
7.2 
3.8 
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4.9 
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5.0 

35.6 

19.7 

13.9 

6.0 

9.0 

2.3 

4.3 

9.5 

16.8 

19.5 

25.4 

16.5 

5.7 

3.5 

1.2 

4.4 

ab 

21.0 

an 

25.9 

di 

16.6 

hy 

19.8 
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mt 
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6.3 
2.5 

4.2 

il 

3.2 
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ap 
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1 

THE  OABBROS. 

The  gabbros,  which  are  the  granitoid  equivalents  of  the  basalts 
and  diabases,  consist  mainly  of  plagioclase  and  pyroxene,  with  vari- 
ous admixtures  of  other  minerals.  At  one  end  of  the  series  we  have 
anorthosite,  or  labradorite  rock,  which  is  almost  entirely  composed 
of  feldspar;  at  the  other  end  the  plagioclase  diminishes  in  amount, 
and  the  rocks  approach  the  pyroxenites.     Normal  gabbro  contains 
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monoclinic  pyroxene;  in  norite,  rhombic  pyroxene,  usually  hyper- 
sthene,  appears.  The  gabbro  family  is  a  large  one,  with  many  varie- 
ties of  rock,  and  only  a  few  examples  of  it  arfe  covered  by  the  subjoined 
table. 

Analyses  of  gahhros. 

A.  AnortboBite,  Monhegan  Island,  liaine.  Analyzed  and  described  by  E.  C.  E.  I..ord,  Am.  Oeolpgis^ 
▼ol.  36, 1900,  p.  340.    Nearly  pure  plagioclase.    Magmatic  symbol,  1.5.5.    (Mfindane, 

B.  Gabbro,  near  Emiftrant  Gap,  Placer  County,  California.  Analysis  by  W.  F.  Hillebrand.  Dfwribed 
by  W.  Lindijen.  Contains  biotite,  hypersthene,  diallaxe,  plagioclase,  and  orthoclase.  8ymboI  II.5.3.4. 
Andoie. 

C.  Gabbro,  Emigrant  Gap,  California.  Analysis  by  Hillebrand.  Described  by  I^indgren.  Contains 
byperstbene,  diaUage,  plagioclase,  and  orthoclase.    Symbol,  I II. 4. 3. 4.    VwUoiie. 

D.  Norite,  EUzabethtown,  Essex  County,  New  York.  Analysis  by  Hillebrand.  Described  by  J.  F. 
Kemp.  Contains  labrLdorite,  byperstbene,  garnets,  augite,  bornblende,  biotite,  magnetite,  and  apatite. 
Symbol,  ni.5.3.4.    Camptono9e, 

E.  BroQdte  norite.  Crystal  Falls,  Uichigan.  Analysis  by  G.  Steiger.  Described  by  J.  M.  Clements 
and  H.  L.  3myth.   Contains  bronzite,  hornblende,  and  labradorite.    Symbol,  III.5.4.3.    Anver^ose, 

F.  Olivine  gabbro.  Birch  Lake,  Minnesota.  Analysis  by  H.  N.  Stokes.  Contains  a  large  proportion 
of  diallage  and  olivine.    Symbol,  III.5.4.3.    A  uvergnote, 

G.  Hypersthene. gabbro,  WetheredviUe,  Maryland.  Analysis  by  Hillebrand.  Described  by  G.  H. 
Williams.  Contains  hypersthene,  diallage,  plagioclase,  magnetite,  and  apatite.  Symbol,  III.5.5.  KedO' 
hekase. 

H.  Hypersthene  gabbro,  Gunflint  Lake,  Minnesota.  Analysis  by  Stokes.  Described  by  W.  S.  Bayley. 
Contains  hyiierstbene,  biotite,  diallage,  magnetite,  and  plagioclase.    S3^bol,  IV. 1.1.2.    Cookoee. 
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These  figures,  with  a  range  from  persalane  to  dofemane,  from 
1.5.5  to  IV.1.1.2,  are  enough  to  show  the  vagueness  of  the  terms 
gabbro  and  norite.  Although  it  is  difficult  to  see  why  B  and  C 
should  be  separated,  being  placed  in  different  classes,  orders,  and 
rangs,  the  quantitative  system  brings  out  the  general  diversity  \>f 
character  better  than  the  ordinary  mineralogical  classification.  It 
separates  things  which,  with  the  exception  above  noted,  are  essen- 
tially distinct. 

FEXIC  ROCKS. 

From  the  feldspatliic  gabbros  rocks  pass  by  insensible  gradations 
int-o  varieties  which  are  wholly  femic,  or  nearly  so,  the  pyroxenites, 
homblendites,  and  peridotites.  These  rocks  may  contain  pyroxene 
alone,  hornblende  alone,  or  olivine  alone,  or  may  be  mixtures  of  such 
minerals.  Small  quantities  of  plagioclase  may  remain  as  minor 
impurities;  but  they  count  for  little  in  classification.  Dunite  is 
nearly  pure  olivine;  saxonite  contains  enstatite  and  olivine;  picrite 
is  a  mixture  of  augite  and  oUvine.  In  cortlandtite  we  have  horn- 
blende and  olivine;  in  wehrlite,  diallage  and  olivine;  in  Iherzolitei 
diopside,  a  rhombic  pyroxene,  and  olivine.  Websterite  contains 
bronzite  and  diopside,  and  so  forms  the  pyroxenite  end  of  the  series. 
The  nomenclature  is  varied,  and  the  terms  are  not  rigorously  used. 
Horiiblendite  is  a  femic  rock  in  which  hornblende  is  the  prevailing 
mineral.  The  following  table  deals  with  the  rocks  in  which  pyrox- 
enes predominate: 
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Awxlyses  of  pyroxeniteg, 

A.  CarthndtiU,  Beldiartown,  MaeMOhusetts.  Aialjsis  by  L.  O.  Eakiiis.  I>e8erib«d  by  B.  K.  Emar- 
soQ.  Coataixs  hombtanda,  pyrox«nA,  biotite,  olivine,  and  magnetite.  Vagmatic  symbol,  IV.1M.L 
Bdchcrose. 

B.  WefarBta,  near  Red  Btaff,  Montana.  Analysis  by  Eakins.  Described  by  G.  P.  Merrill.  Contains 
oliTine,  diallage,  bnmn  mica,  rarely  plagioclase,  and  secondary  iron  oxides.   Symbol,  IV.  1'.  1 .2.     WdirlotA. 

C.  Hornblende  picrite,  North  Meadow  Creek,  Montana.  Analysis  by  EaUns.  Described  by  MBrrill. 
Contains  hornblende,  olivine,  pleonaste,  iron  oxides,  and  occasionally  hypersthene.  Symbol,  TV.1>.1.2. 
Wehrlose. 

D.  Pyrozenite,  Baltimore  County,  Maryland.  Analysis  by  J.  E.  WhitQeld.  Described  by  G.  H. 
Williams.   Contains  hypersthene  and  diallage.   Symbol,  V.1M.1.  Markote. 

E.  Websterite,  Webster,  North  Carolina.  Analysis  by  E.  A.  Schneider.  Described  by  Williams. 
Consists  of  diopside  and  bronute.    Symbol,  V.l< .2.1.    Wtb»tero$«, 

F.  Websterite,  Oakland,  Maryland.  Analysis  by  W.  F.  Hiilebrand.  Described  by  .A.  G.  Leonard. 
Contains  hypersthene  and  diallage.    Symbol,  V.1M.2.    Cecilou. 

G.  Lhersolite,  Baltimore  County,  Maryland.  Analjrsls  by  T.  M.  Chatard.  Described  by  Williams. 
Contains  olivine,  broazite,  and  diallage,  Xh»  oU^ine  partly  serpentinlzed.    Symbol,  V.1M.1.    Baltim9ria»e, 

H.  Pjrroxenite,  Baltimore  County,  Maryland.  Analysis  by  Whitfield.  Described  by  Williams.  Con* 
tains  hypersthene  and  diallage.    Symbol,  V.1M.2.    Baltimorose, 


v,o, 

MnO 

(Ni,Co)0 
F^Sj 


A 


48.63 

5.32 

.2.91 

3.90 

21.79 

13.04 

.34 

.23 

2.81 


} 


.47 
.21 
Trace. 


.36 
.12 


100. 13 


B 


48.95 
5.69 
1.20 
12.11 
23.49 
5.33 
1.58 
.79 

.18 

.81 
.12 


} 


.05 
.08 
.16 


c 


46.13 

4.69 

.73 

16.87 

26.17 

4.41 

.08 

Trace. 


} 


1.38 

.73 
.07 


D 


I 


51.94 
2.53 
2.88 
9.38 

25.97 
3.60 

None. 

None. 


! 


1.38 


None. 
None. 


.24 


.19 
.16 


.04 
Trace. 
.09 


.60 
Trace. 


100.54 


100.63   100.07 


E 


55.14 

.66 

3.48 

4.73 

26.66 

8.39 

.30 


} 


.38 

Trace. 
.23 


.25 
.03 

.11 


100.36 


53.21 

1.94 

1.44 

7.92 

20.78 

13.12 

.11 

.07 

.14 

.87 

.26 

Trace. 

.10 


n 


43.87 

1.64 

8.94 

2.60 
27.32 

6.29 

}  •'' } 

1.08 
7.64 
.12 
Trace. 


50.80 

3.40 

1.39 

8.11 

22.77 

12.31 

►Trace. 


} 


.52 

None. 
Trace. 


.03 
.20 
.22 
.03 
.03 


100.47 


Trace. 
.24 


.44 

.19 

Trace. 


100. 63 


.32 
.17 


100.03 


Norma. 


A 

B 

C 

D 

£ 

F 

G 

H 

Q 

0.6 

1.7 

■^. ................... 

or 

1.1 
2.6 
12.5 
41.7 
21.9 
11.7 
5.1 

5.0 
13.6 

5.6 
16.5 
18.5 
37.6 

1.6 

0.6 

1.0 

3.2 

48.9 

41.4 

ab 

.5 

12.5 

7.6 

44.8 

30.4 

.9 

""6.7* 
8.9 
76.4 

2.6 

"32*7' 
57.1 

4.2 

2.2 

22.6 

34.3 

16.3 

8.4 

3.0 

an 

9  2 

di 

41  4 

hy 

33.8 

of. : 

12  2 

mt 

2.8 

5.1 

2.1 

2  1 

hm 

il 

1.5 

1.2 

.5 

460 


DATA  OF  GEOCHEIOSTBY. 


The  general  presence  of  chromium  and  nickel  in  these  rocks  is 
noteworthy,  llie  wehrlite  (analysis  B)  is  almost  on  the  line  between 
pyroxenites  and  peridotites.  The  foimation  of  actual  diallage  from 
the  normative  diopside  in  it  would  give  the  pyroxenes  a  slight  pro- 
dominance  over  the  olivine.  The  following  analyses  represent 
peridotites: 

Amilyscs  of  pfridotite$, 

A.  Cortlaudtite,  Ilchester,  Maryland.  Aiialysis  by  W.  F.  HiUebrand.  Described  by  G.  H.  WUBatBl. 
Contains  olivine,  pyroxene,  and  hoftibtonde  partly  altered  to  talc.  Ifagmatie  symbol,  IV.1«.L1.  Cbn> 
iandtote.      B.  Peridotite,  near  Silver  Cliff,  Colorado.    Analysis  by  L.O.Eakins.    Described  by  W.  CraSi 

B.  Peridotite,  near  Silver  Cliff,  Colorado.  Analysis  by  L.  O.  Eakins.  Described  by  W.  Cross.  Con- 
tains hornblende,  biotite,  hypersthene,  olivine,  a  little  plagloclase,  apatite,  pyrrhotite,  and  sUllmanltai 
Symbol,  IV.1M.2.     Cutterou. 

C.  Peridotite,  near  Opin  Lake,  Michisan.  Analysis  by  Hillebrand.  Described  by  C.  K.  Van  EOao 
and  W.  S.  Bayley.    Contidns  diallage,  olivine,  magnetite,  and  plagloclase.    Symbol,  IV.2*.L2. 

D.  Mica  peridotite,  Crittenden  County,  Kentucky.  Analysis  by  Billebrand.  Described  hjJ.B,  DIBv. 
Contains  biotite,  serpentine,  and  perofskite,  with  less  apatite,  mosoovite,  magnetite,  calcitc,  chlorite,  and 
other  secondary  products.    Symbol,  I V.2«.  1.2.    Subrang  of  Ou«dls«e. 

E.  Saxonite,  Douglas  County,  Oregon.  Analysis  by  F.  W.  Clarke.  Described  by  J.  8.  Dillcr  and  F.  W. 
Clarke.  Contains  olivine  and  enstatite,  with  a  little  magnetite  and  chromite.  Symbol,  V.K1.L 
Gordnnose. 

F.  Dunite,  Corundum  Hill,  North  Carolina.  Analysis  and  description  oy  T.  M.  Chatard.  Cootiiat 
oUvine,  with  a  little  chromite.    Symbol,  V.IM.  l.    Dunon, 

G.  Peridotite,  Tulameen  River,  British  Columbia.  Analysis  by  Hillebrand.  Described  by  J.  F.  Kenp. 
Contains  olivine  and  serpentine,  with  magnetite,  magnesite,  and  calcite.    Symbol,  V. IVl  .1.    I>«iioie. 


SiO,.. 

MA. 

Fe^O,. 
FeO.. 
MgO.. 


NaJO 

KjO 

H^O-... 

TiOj 

CO^ 

d 

CrA--. 
MnO 

NiO 

BaO 

Chromite 


39.20 

4.60 

3.45 

6.15 

31.65 

3.23 

.42 

.14 

.50 

9.38 

.52 


Trace. 


B 


c 


D 


} 


46.03 
9.27 
2.72 
9.94 

25.04 

3.53 

1.48 

.87 

.64 


.17 


39. 37 

4.47 

4.96 

9.13 

26.53 

3.70 

.50 

.26 

.87 

7.08 

.06 

1.23 

.17 


.41 
.20 
.30 


.40 


100.15     100.09 


.68 

.12 

.21 

Trace. 


99.94 


} 


33.84 
5.88 
7.04 
5.16 

22.96 

9.46 

.33 

2.04 

7.50 

3.78 
.43 
.89 


05 
18 
16 
10 
06 


41.43 

.04 

2.52 

6.25 

43.74 

.55 


4.41 


.76 

None. 

.10 


99.86 


99.80 


40.11 

.88 

1.20 

6.09 

58.58 


2.74 


} 


O 


38.40 

.29 

3.42 

6.69 

45.23 

.35 

.08 

.24 

4.11 

None. 

1.10 

Trace. 

.06 


.18 


.56 


100.34 


.07 

.24 

.10 

NoDe. 


100.38 


IGNEOUS  ROCKS. 


Analyses  of  peridotites — Continued. 
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In  the  peridotites  a  certain  amount  of  serpentinization  is  almost 
always  observed.  This  is  shown  in  the  analyses  by  the  unusually 
large  percentages  of  water.  The  latter  is  neglected  in  calculating  the 
norms,  and  so  normative  hypersthene  appears,  which  an  absolutely 
unaltered  rock  would  not  show.  That  is,  serpentine,  instead  of  rep- 
resenting the  parent  olivine,  is  equivalent  to  hypersthene  plus  olivine, 
and  the  norms  become  misleading.  A  rock  consisting  originally  of 
pure  olivine  might  find  its  place  in  any  one  of  several  different  rangs 
t>r  subrangs,  according  to  the  amount  of  alteration  which  it  has 
undergone.  Two  samples  from  the  same  rock  mass  might  vary  in 
this  manner.  Theoretically,  no  doubt,  the  quantitative  classification 
applies  only  to  fresh  material;  practically  it  is  applied  to  altered 
peridotites,  like  those  cited  above,  which  all  appear  in  Washington's 
tables.  A  very  remarkable  peridotite  from  East  Union,  Maine, 
described  by  E.  S.  Bastin,^  contains  22.5  per  cent  of  sulphides, 
mainly  pyrrhotite.    Magmatic  name,  lermondose. 

BASIC  BOCKS. 

A  few  igneous  rocks  exist  which  seem  to  form  an  exceptional  group 
by  themselves.  They  consist  largely,  or  even  mainly,  of  free  bade 
oxides,  such  as  corund  um  or  magnetite;  and  many  transitional  mix- 
tm*es  lie  between  them  and  the  ordinary  silicate  rocks.  With  these 
oxides  it  is  convenient  to  group  certain  titaniferous  rocks,  which 
otherwise  might  form  a  class  by  themselves.  The  following  analyses 
represent  a  few  rocks  of  this  truly  basic  character,  with  examples  of 
the  transitional  forms. 


>  Jour.  Geology,  vol.  K>,  1908,  p.  I24. 
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Analy$n  of  basic  and  tilanxferou*  rocks. 

A.  Corandam  pegmatite,  Ural  Mountains,  Siberia.  Described  and  analyzed  by  J.  IforoKewies,  Iflnj 
pet.  Mitt.,  vol.  18, 1898,  p.  219.  Contains  conindara  and  orthoclase,  with  accessory  rutile,  apatite,  and 
aircon.    Magmatic  symbol,  11.5.1.3.     Vraiote. 

B.  Kyschtymite,  Borsowka,  Ural  Mountains.  Described  and  analysed  by  Moroeewics,  op.dt.,  p.  313; 
Contains oonindum,  with  littIesplnel,anorthite,  biotite^andtlrron.    Symbol,  I'.S.S.    JTyacikryiiMie. 

C.  Ilmenite  norite,  Soggendal,  Norway.  Described  and  analyzed  by  C.  F.  Kolderup,  Bergens  Moseomi 
Aarbog,  1890,  p.  165.  Contains,  in  approximate  percentages,  ilmenite,  37.5:  hjrpersthene,  40.1;  anortUtet 
11;  albite,  8.7;  orthoclase,  0.9.    Sjrmbol,  IV.3>.1.S.  Bctftnon. 

D.  Titaniferous  iron  ore,  Lincoln  Pond,  Essex  County,  New  York.  Anal%*sis  by  W.  F.  HiUebrand; 
Described  by  J.  F.  Kemp.    Symbol,! V.  4M.4.    Adirondachhsf. 

E.  Titaniferous  iron  ore,  Elizabethtown,  New  York.  Analsrsis  by  HUlebrand.  Described  by  Kemp. 
Symbol,  IV.4>.1.4.    Champlainiase. 

F.  Magnetite spinetlite,  Routivaara,  Finland.  Analyzed  and  described  by  W.  Petersson,  Geol.  FOcen. 
Fdrhandl.,  vol.  15,  p.  49, 1893.    Symbol,  V.51.I.4.    No  magmatic  name  assigned. 
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Anitysm  of  banc  and  titaniftrouM  rocki — Contmued. 

0.  Magnetite  basalt,  arapahite,  North  Park,  Colorado.  Described  by  H.  S.  Washington  and  E.  8.  Lar- 
sen.  Jour.  Washington  Acad.  Sd.,  vol.  3,  1913,  p.  449.  Contains  magnetite,  bytownite,  pyroxene,  and  a 
little  apatite.    Symbol,  IV.4(5).1.1.    ArapahoH. 

H.  Cumber  I  andite,  Cumberland,  Rhode  Island.  Described  by  B.  L.  Johnson  and  C.  H.  Warren,  Am. 
Jour.  Sd.,  4th  ser.,  rol.  25, 1906,  p.  1.  Contains  magnetite,  Ihnenite,  plagioclase,  olivine,  and  minor  aoces- 
sories.    Symbol,  V. 3.1.2.    Rhodose, 

1.  Oabbro-nelsonite,  Nelson  County,  Virginia.  Contains  ilmenite,  apatite,  hypersthene,  plagioclase, 
lome  orthoclase,  with  grains  of  quarts  and  pyrite.    Sjrmbol,  IV.3.1.2.3.    Rosflandoat, 

J.  Ilmenite-nelsonite,  Nelson  County,  Virginia.  Contains  ilmenite,  apatite,  minor  hornblende,  biotite, 
leucoxene,  etc.    Symbol,  V\ 5.5.5.3.     Neisonose. 

K.  Rutile-nelsonite,  Nelson  County,  Virginia.  Contains  rutile  and  apatite,  with  accessory  feldspar, 
Ihnenite,  and  quarts.  Symbol,  V.5.5.4.5.  Virfinose.  Analyses  I,  J,  K,  by  W.  M.  Thornton,  Jr.  Rocks 
described,  with  others  of  similar  character,  by  T.  L.  Wat:;on  in  Geol.  Survey  Virginia,  Bull,  m.  A,  lOU. 

L.  Perofskite-apatite-magnetite  rock,  Uncompahgre  quadrangle,  Colorado.  Collected  by  E.  S.  Larsen, 
analyzed  by  G.  Steiger.  Contains  about  equal  amounts  of  perofsUte,  magnetite,  and  biotite,  with  less 
apatite,  and  perhaps  a  little  ilmenite.    Symbol,  V.2.4.4.2. 
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Analy$f$  ofboiie  and  titaniffrous  rocks — Continued. 
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The  foregoing  table  might  be  much  extended,  but  it  is  not  neces- 
sary to  do  so.  Other  similar  rocks  are  a  magnetite  syenite  porphyry 
(hirunoae),  described  by  P.  Geijer/  which  contains  predominating 
albite  with  38.7  per  cent  of  magnetite  and  minor  accessories.  Krar 
geritc,  from  Krageroe,  Norway,  described  by  T.  L.  Watson,*  consists 
largely  of  plagioclase  feldspar  with  25  per  cent  of  rutile.  Conmdum 
spinellite,  which  occurs  in  Pittsylvania  County,  Virginia,  has  been 
described  by  Watson  and  Steiger.'  It  is  known  locally  as  "rock 
emery"  and  consists  mainly  of  spinel  and  conmdum,  with  less 
magnetite  and  ilmenite.  The  Canadian  urbainite  ^  is  essentially  a 
mixture  of  ilmenite,  hematite,  and  rutile,  with  only  a  few  per  cent 
of  other  minerals.  The  New  York  (Adirondack)  ores,*  of  which 
analyses  are  given  above,  are  foimd  in  close  association  with  norites 
or  gabbros.  Rocks  of  this  class  could  hardly  be  associated  with 
persilicic  masses,  such  as  granites  or  syenites.  They  represent  a 
marked  deficiency  of  silica  in  the  magmas  from  which  they  cam6. 

LIMITING  CONDITIONS. 

Although  the  igneous  rocks,  as  the  analyses  and  descriptions  show, 
represent  a  great  variety  of  mineral  mixtures,  their  proximate  con- 
stitution is  subject  to  distinct  limitations.     In  the  preceding  chapter 

1  Geol.  Kiruna  district,  Stockholm,  1910,  p.  60. 
« Am.  Jour.  Sci.,  4th  ser.,  vol.  34, 1912,  p.  509. 

*  Jour.  Washington  Acad.  Sci.,  vol.  8, 1918,  p.  665. 

« See  C.  H.  Warren,  Am.  Jour.  Sci.,  4th  ser.,  vol.  33, 1912,  p.  263. 

•  Several  memoirs  on  the  Adirondack  ores  are  by  J.  F.  Kemp,  Nineteenth  Ann.  Rept.  U.  S.  GeoL  Siv- 
Tey,  pt.  3, 1899,  p.  aS3;  and  Bails.  New  York  State  Museum  No.  119,  1908;  No.  138,  1910.  Also  P.  H. 
Newland,  Roon.  Geology,  vol.  2,  p.  763.  An  important  paper  on  the  Scandinavian  ores,  by  H.  Gj/Offm 
Is  in  Trans.  Am.  Inst.  Min.  Rng.,  vol.  37, 1907,  p.  809.  On  the  titaniferous  iron  ores  of  the  United  Stttca 
see  J.  T.  Singerwald,  BulL  U.  S.  Bureau  of  Mines  No.  64, 1913. 
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upon  rock-forming  minerals  some  of  these  limitations  were  indicated, 
and  it  was  shown  that  certain  species  can  appear  only  under  certain 
definite  conditions.  The  experiments  of  Morozewicz  and  others 
upon  the  separation  o{  corundum,  iolitCi  etc.,  from  artificial  magmas 
are  cases  in  point.  It  may  be  well,  however,  to  reiterate  some  of 
the  observations  which  have  already  been  made  or  suggested  in 
order  to  properly  emphasize  these  important  considerations.  For 
this  purpose  we  need  only  take  into  account  the  more  conspicuous 
magmatic  minerals  and  neglect  the  rarer  species. 

Since  nearly  all  igneous  rocks  are  formed  chiefly  of  silicates,  a 
partial  table  of  rock-forming  minerals,  arranged  by  bases  with  ref- 
erence to  maximimi  and  minimum  silica,  will  be  convenient.  The 
minerals  to  be  thus  considered  are  the  following: 

Rock-forming  minerals. 


Base. 

Maximum  silica. 

Minimnm  sflfca. 

Potaasium.  ^ - 

8odium 

Orthoclase,  KAISigOg 

Albite,  NaAlSisOg 

Diopside,  CaMgSiaOg 

Enstatite,  MgSiO, 

Leucite,  KAlSioO.. 
Nephelite,  NaAlsla. 
Anorthite.  CaALSi.,(3«.^ 

Calcium 

Macmesium   

Forsterite,  MgjSiOA/x,.  .„^ 
FayaUte,  FeJiO,  ^Olivine. 

Magnetite,  Fe304. 
Corundum,  Af20j. 

Ferrous  iron 

Pyroxene,  FeSiOj 

Acmite,  FeNaSioOe 

Albite,  NaAlSi.O. 

Ferric  iron 

Aluminum 

a  Melilite,  a  basio  silicate,  is  here  left  puiposely  out  of  account,  and  so,  too,  is  Akermanite. 

Intermediate  minerals,  such  as  analcite,  biotite,  muscovite,  etc., 
that  contain  water  can  form  only  under  pressures  or  conditions  of 
viscosity  which  prevent  the  water  from  expulsion. 

The  two  oxides  in  the  foregoing  list  can  only  appear  in  notable 
amounts  when  the  iron  or  alumina  is  largely  in  excess  of  the  silica. 
The  latter  will  go  to  the  formation  of  silicates  until  it  is  saturated, 
and  after  that  any  superfluous  oxide  can  be  deposited.  This  state- 
ment, however,  demands  qualification.  Free  silica  and  magnetite 
can  coexist  in  igneous  rocks  to  a  very  limited  extent,  but  not  as  prin- 
cipal constituents.  The  conditions  of  their  coexistence  are  uncertain, 
but  are  possibly  due  to  dissociation  in  the  molten  magma.  It  is  con- 
ceivable that  the  latter  may  solidify  under  circumstances  of  viscosity 
which  prevent  some  of  the  separated  ions  from  uniting,  so  that  a  little 
quartz  and  a  little  magnetite  may  be  present,  side  by  side,  in  the  same 
rock.  This  explanation,  however,  is  merely  speculative  and  requires 
proof.  The  exception  does  not  invalidate  the  broad  general  state- 
ment that  the  two  species  are  essentially  incompatible.  Much  mag- 
netite and  much  quartz  do  not  occur  together  in  rocks  of  igneous  origin. 

Similar  incompatibilities  are  sBown  elsewhere  in  the  table.  Leucite 
and  silica  will  form  orthoclase;  nephelite  and  silica  yield  albite;  a 
member  of  the  olivine  family  with  silica  will  be  converted  into 
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pyroxene,  and  so  on.  With  an  excess  of  silica  oyer  that  required  to 
generate  compoiinds  which  appear  in  the  minimum  cohunn  hi^ier 
silicates  will  be  produced,  and  as  silica  is  abundant  in  the  lithoBphe]:e 
the  maximum  is  most  often  reached.  Feldspar,  and  pyroxenes  are 
much  more  conmion  than  lenad  minerals  or  olivine.  The  occasional 
concurrence  of  quartz  and  olivine  in  some  basalts  and  gabbros  may 
perhaps  be  due  to  the  same  dissociation  as  that  suggested  by  the 
coexistence  of  quartz  and  magnetite.  The  general  tendency  in  a  cool- 
ing magma  is  toward  the  generation  of  saturated  compounds.  When 
silica  exceeds  the  amount  which  can  be  taken  up  by  the  bases  the 
excess  appears  as  quartz,  tridymite,  or  opal,  or  else  it  becomes  au 
undifferentiated  portion  of  a  residual  glass. 

With  adequate  silica,  then,  the  number  of  compoimds  which  a 
magma  can  yield  is  small.  The  persilicic  rocks,  therefore,  are  rela- 
tively simple  in  their  mineralogical  constitution,  and  in  the  quanti- 
tative classification  their  modes  do  not  differ  very  greatly  from  their 
norms,  except  with  respect  to  the  micas,  hornblendes,  and  augite. 
But  as  silica  diminishes  in  amount  the  mineralogical  complexity  of 
a  rock  is  likely  to  increase,  for  the  reason  that  a  larger  range  of 
unions  has  become  possible.  For  each  base  a  number  of  compounds 
are  capable  of  formation,  and  the  same  magma,  solidifying  under 
different  conditions,  may  yield  very  dissimilar  products.  In  other 
words,  we  encounter  the  well-known  fact  that  two  rocks  may  have 
the  same  ultimate  composition  and  yet  contain  different  mineral 
species.  The  difficulty  of  apportioning  the  several  bases  to  the  sev- 
eral minerals  in  a  rock  is  familiar  to  everyone  who  has  tried  to 
discuss  any  large  number  of  rock  anah'ses.  Potassium  may  form 
orthoclase,  leucite,  muscovite,  or  biotite;  sodium  may  yield  albite, 
nephelite,  analcite,  alkali  hornblende,  or  acmite;  calcium  appears  in 
pyroxene,  amphibole,  anorthite,  or  melilite;  magnesium  in  pyroxene, 
amphibole,  olivine,  or  biotite;  iron  in  pyroxene,  ampliibole,  olivine, 
acmite,  magnetite,  or  ilmenite;  and  aluminum  in  feldspars,  lenads, 
micas,  amphibole,  pyroxenes,  or  corundum.  The  conditions  of  equi- 
librium have  become  exceedingly  complicated,  and  it  is  only  as  we 
approach  the  subsilicic  magmas  that  simplicity  is  again  restored. 
With  deficient  silica  the  number  of  possibilities  is  lessened  and  such 
simple  rocks  as  the  peridotites  and  pyroxenites  are  formed.  Ah 
intermediate  magma  may  be  simple  from  lack  of  certain  constitu- 
ents, but  cases  of  that  kind  are  exceptional.  The  mediosilicic  rocks 
are  as  a  nde  more  complex  mineralogically  than  the  persilicic  or 
subsilicic  extremes.  The  ends  of  the  petrographic  series,  free  silica, 
or  free  basic  oxides,  are  necessarily  the  simplest  rocks  of  all.  At 
one  end  we  have  segregations  of  quartz;  at  the  other,  corundum 
rocks  or  magnetite.  Rocks  midway  between  these  extremes,  with 
silica  ranguig  from  45  to  55  per  cent,  contain  the  greatest  variety  of 
minerals^  for  ortho-,  meta-,  and  tri-sUicates  are  then  capable  of 
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coexistence.  In  a  rock  containing  silicates  of  aB  three  classes,  with 
alumina,  lime,  magnesia,  the  two  alkalies,  and  both  oxides  of  iron 
as  bases,  the  possibilities  of  union  become  very  numerous.  In  the 
magma  itself  the  bases  will  be  apportioned  to  the  several  silicic 
acids  in  accordance  with  the  law  of  mass  action,  each  one  being  gov* 
emed  by  the  relative  number  of  its  molecules  in  a  unit  volume  of 
solution.  When  cooling  b^ins,  the  separation  of  each  mineral  will 
depend  upon  its  fusibility,  its  solubility,  and  its  relation  to  the 
^  possible  eutectic  ratios;  and  the  solubility  will  fluctuate  with  changes 
in  the  temperature  of  the  mass.  With  each  deposition  of  crystals 
all  of  the  foregoing  conditions  will  change,  for  the  composition  of  the 
residual  fluid  will  have  been  altered.  In  theory,  then,  the  physical 
and  chemical  conditions  of  solidification  are  most  complex,  except 
for  two-component  and  possibly  three-component  systems.  We 
are  therefore  compelled  to  deal  with  the  problem  of  rock  composition 
empirically  and  to  make  use  of  rules  based  upon  direct  observation. 
These  rules  are  by  no  means  rigorous,  for  although  the  separation 
of  minerals  from  a  cooling  magma  generally  follows  a  stated  order 
that  order  often  varies.  In  most  cases  it  is  the  order  described  by 
H.  Rosenbusch,^  as  follows: 

1.  Apatite,  zircon,  spinel,  tlie  titanates,  and  iron  ores.  These  are  almost  invariably 
the  first  minerals  to  crystallize. 

2.  The  Mg-Fe,  Mg-Ca,  and  Fe-Ca  silicates,  such  as  olivine,  amphibole,  and  py- 
roxene. Biotite  is  also  placed  in  this  class.  As  a  rule  the  orthoeilicates  precede  the 
metasilicates;  olivine,  for  example,  separating  before  pyroxene. 

3.  Feldspars  and  lenads  in  the  order  anorthite,  plagioclase,  alkali  feldspars,  nephe- 
Kte,  leucite. 

4.  Any  exceas  of  quartz. 

The  frequency  with  which  this  order  is  followed  is  probably  a 
consequence  of  the  fact  that  most  rocks  consist  mainly  of  alimio- 
siHcates,  and  especially  of  feldspars  and  quartz.  That  is,  they  con- 
tain predominantly  compounds  of  the  same  class,  in  which  the  other 
rock-forming  minerals  are  dissolved.  The  latter  separate  from  solu- 
tion in  the  general  order  of  their  solubility,  the  least  soluble  first; 
but  that  property  varies  with  the  composition  of  the  mixture.  In 
an  isoraorphous  series,  like  the  feldspars,  the  least  fusible  tend  to  be 
deposited  earlier  than  the  others,  but  fusibility  is  a  minor  factor  in 
the  process  of  solidification.  Quartz,  which  solidifies  in  most  cases 
at  the  very  end  of  the  series,  is  a  relatively  infusible  substance;  but> 
as  we  have  already  seen,  it  probably  forms  a  eutectic  mixture  with 
the  feldspars  which,  by  virtue  of  its  depressed  melting  point,  is  the 
last  part  of  a  magma  to  congeal.  The  minor  accessories  among  the 
rock-forming  minerals,  which  crystallize  first,  although  present  in 
trifling  amounts,  possibly  form  no  eutectics  with  the  fdd^ars* 
Otherwise  we  should  expect  them  to  remain  in  solution  much  longer, 

1  Etementa  der  QestalBBtaihn,  ISSft,  v*  ^« 
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PROXIMATE  CAIiCUIiATIONS. 

It  is  clear,  from  what  has  been  abeady  said,  that  it  is  rarely  pos- 
sible to  predict,  with  anything  like  quantitative  accuracy,  what 
minerals  will  form  when  a  magma  of  given  composition  solidifies. 
Partial  and  semiquantitative  forecasts  are  practicable;  we  can  say, 
for  instance,  that  the  porportion  of  orthoclase  will  lie  between 
assignable  limits;  and  if  the  analysis  shows  a  ratio  of  silicon  to 
oxygen  lower  than  SisO,,  or  1 :2.667,  we  may  be  reasonably  sure  that 
a  calctilable  amount  of  silica  will  remain  uncombined.  Only  in  the  . 
simplest  cases  can  a  complete  forecast  be  made,  and  they  are  ex- 
ceptional. 

Suppose,  however,  that  instead  of  a  magma  or  an  analysis  repre- 
senting a  magma  and  nothing  more,  we  attempt  to  discuss  the  com- 
position of  a  rock  in  which  separate  minerals  have  been  identified 
by  the  microscope.  In  other  words,  suppose  we  have  the  bulk 
analysis  of  a  rock  and  also  its  petrographic  description,  how  far  can 
we  compute  its  proximate  composition  ?  To  this  question  no  single 
answer  can  be  given;  in  some  cases  the  computation  is  easy,  in  others 
it  is  impossible.  The  conventional  "norms"  of  the  quantitative 
classification  can  always  be  calctilated,  but  the  actual  composition 
may  be  quite  another  thing.  It  is  the  latter  which  concerns  us  now. 
Let  us  take  some  concrete  examples  for  discussion. 

Two  rocks  of  relatively  simple  composition  are  the  following,  for 
which  data  are  given  in  the  Survey  Bulletin  591,  and  also  in  Washing- 
ton's tables. 

A.  Granite-syeniteporphyry,  Little  Rocky  Mountains,  Montana.  Anal]rsi8  by  U.X.Stokes.  Descarlbed 
by  W.  II.  Weed  and  L.  V.  Pirsson.  Contain  orthoclase,  quartz,  oligoclase,  muscovite,  and  iron  oxides. 
Liparose, 

B.  Biotite  granite.  El  Capitan,  Yosemite  Valley.  Analysis  by  W.  Valentine.  Described  by  H.  W. 
Turner.  Contains  alkali  feldspar,  plagioclasc,  quartz,  biotite,  titanitc,  ai>at!te,  and  iron  oxides.  The 
analysis  shows  that  a  trace  of  zircon  is  probably  present  also.     Toscanote. 


Analyses. 
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SiO,. . 

AlA- 

FeA- 
FeO... 

MnO.- 

MgC. 

CaO.. 

SrO... 

BaO.. 

Na-O. 
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TiO,.. 
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In  calculating  the  actual  composition  of  th^e  rocks^  it  is  best  to 
first  eliminate  the  accessories.  ZrO,  is  calculated  as  zircon,  Fe,0, 
as  hematite  or  magnetite,  PaO^  and  CI  as  apatite,  and  TiO,  as  ilmenite, 
titanite,  or  rutile,  according  to  the  indications  given  in  the  petro- 
graphio  descriptions.  All  remaining  CaO  is  then  reckoned  as  equiv- 
alent to  anorthite,  and  all  NajO  as  albite.  In  A  the  trivial  amoimt 
of  MgO  is  assumed  to  be  in  the  form  MgSiQs,  that  is,  as  pyroxene  or 
amphibole;  in  B  the  magnesia  and  remaining  iron  oxide  are  to  be 
computed  as  biotite,  with  the  normal  formula  Al2(MgFe)2KHSi80i2. 
Upon  comparing  KjO  with  the  remainder  of  the  AI2O3,  the  latter,  in 
A,  is  found  to  be  in  exeess  of  the  amount  requir^  for  orthoclase. 
That  excess  gives  a  datum  for  the  calculation  of  muscovite;  and 
when  that  is  deducted,  only  quartz  and  orthoclase  remain  to  be  con- 
sidered. The  orthoclase  is  given  by  the  KjO  and  AlaOj  still  xmap- 
propriated,  and  the  remaining  free  silica  represents  the  quartz.  The 
restilts  of  the  computation  are  shown  below,  the  trifling  amoxmt  of 
MnO  being  consolidated  with  FeO,  and  the  SrO  and  BaO  with  lime. 
A  little  water  \s  left  unaccounted  for,  presumably  as  uncombined 
with  any  silicate. 

CalculatccUcomposUlon  0/  rods  represented  in  preceding  table. 


Quartz 

Orthoclase. 

Albite 

Anorthite. 
Muscovite. 

Biotite 

MgSiOs-... 

Zircon 

Titanite... 
Apatite. 


19.98 
18.90 
41.07 
5.41 
13.06 


.30 


B 


29.64 
19.74 
29.87 
12.23 


G.50 


Ilmenite. . 
Rutile.... 
Magnetite. 
Hematite. 


These  calculations  are  simple  enough,  and  the  rcsidts  are  fairly 
accurate.  The  chief  imcertainties  are  with  the  micas,  and  especially 
with  the  biotite  in  B,  for  rock-forming  biotite  is  a  mineral  of  variable 
composition,  and  their  errors  affect  the  computations  with  regard  to 
orthoclase  and  quartz.  A  comparison  of  the  last  table  with  that  of 
the  norms  will  show  how  far  the  two  methods  of  calculation  diverge. 

Suppose,  however,  that  we  are  called  upon  to  discuss  the  composi- 
tion of  a  rock  containing  orthoclase,  plagioclase,  biotite,  augite,  oli- 
vine, and  magnetite,  with  the  femic  minerals  present  in  fairly  large 
proportions.     In  such  a  case  the  alumina  goes  to  iottsi  ^^^  ^*^  >Jobfe  ^^\s^- 
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ponent  minerals^  iron  to  four,  lime  to  two,  magnesia  to  three,  and 
potassium  to  two.  We  now  need  more  data  than  the  bulk  analy^ 
and  the  nsnal  petrograi^ic  description  can  g^ve  as,  and  the  required 
information  may  be  obtained  either  from  chemical  cmt  from  phy»cal 
sonrces.  Chemically,  we  may  separate  the  biotite,  angite,  and  c^vine 
from  the  rock  and  analyze  each  one  by  itself.  In  that  way  we  can 
learn  something  of  the  distribution  of  the  bases,  and  so  beccune  able 
to  calculate  the  composition  of  the  rock.  Or,  c^vine  being  soluble 
in  very  dilute  acids,  we  may  dissolve  it  out  from  a  known  weight  oi 
rock  and  determine  the  amount  of  iron  and  magnesia  which  belong 
to  it.  The  same  procedure  may  be  followed  for  the  determinaticm  of 
nephelite  when  that  mineral  happens  to  be  present.  Physically,  the 
rock  may  be  studied  in  thin  sections  under  the  microscope,  when  the 
areas  occupied  by  the  several  minerals  can  be  measured  with  a 
micrometer.  Given  a  sufficioat  nimiber  of  such  measurements,  and, 
^e  densities  of  the  minerals  being  known,  the  relative  proportion  of 
the  elements  may  be  calculated,  and  the  results  obtained  can  be 
checked  by  the  chemical  analysis.^  A  cruder  process  consists  in 
taking  an  enlarged  photomicrograph  of  the  thin  section,  cutting  the 
areas  representing  the  minerals  out  of  the  paper,  and  then,  by  weigh- 
ing the  latter,  ascertaining  their  relative  proportions.  In  some  cases 
a  rock  powder,  in  known  quantity,  can  be  mechanically  separated  mto 
its  mineral  constituents  by  means  of  Thoulet's  or  other  heavy  solu- 
tions, and  the  individual  portions  so  determined  directly.  By  one 
method  or  another  the  problem  of  mineral  composition  can  generally 
be  solved.  Only  when  a  rock  contains  much  glass  or  other  inde- 
terminate matter  is  the  problem  incapable  of  fairly  accurate  solution. 
If  alteration  products  are  present — chlorites,  zeolites,  kaolin,  limonite, 
etc. — the  discussion  of  modes  becomes  very  unsatisfactory,  and  the 
conclusions  which  are  then  reached  have  verv  slender  value. 

Note. — The  composition  oi  igneous  rocks  is  often  represented  graphicany  by 
means  of  diagrams,  and  several  methods  for  di>ing  this  have  been  devised.  For  an 
exhaustive  memoir  upon  this  subject  sec  J.  P.  Iddings,  Prof.  Paper  U.  S.  Geol.  Sarvey 
No.  18,  1903.  The  diagrams  are  of  considerable  servdce  to  the  petrographer,  for  they 
bring  chemical  relationships  and  differences  vividly  before  the  eye.  The  triangular 
diagrams  of  Osann,  Min.  pet.  Mitt.,  vol.  19,  1900,  p.  351,  are  much  used.  See  also 
papers  by.  F.  Becke,  idem,  vol.  22,  1903,  p.  209;  L.  Finckh,  Monatsh.  Deutsch. 
geol.  Gesell.,  1910,  p.  285;  and  B.  G.  Escher,  Centralbl.  Min.,  Geol.  u.  Pal.,  1911, 
pp.  133,  166.  The  diagrams  used  by  A.  Johannsen  (Jour.  Geology,  vol.  25,  1917. 
p.  63)  represent  a  double  tetrahedron,  with  five  angles  or  points  of  reference.  The 
triangular  diagrams,  obviously,  have  only  three  such  points. 

1  This  method  is  fully  discussed  in  the  Quantitative  classiflcattun,  pt.  3.  pp.  19^230,  together  with  tb0 
subject  of  calculatbig  norms  and  modes.  According  to  Ira  A .  WiEUams ,  bovover  (Am.  Geologist,  vol.  35^ 
1006,  p.  34),  the  micrometer  method  is  unsatis&ctor>'.  See  also  A.  Rosiwal,  Verhandl.  K.-k.  geol.  Beiehs- 
anstalt,  1896,  p.  143.  '  A.  Johannsen  (Joor.  Geology,  vol.  27, 1919,  p.  276)  has  described  a  ptoatineter 
method  for  the  same  purpose.    Also  with  E.  A.  Stephenson,  idem,  p.  212,  oa  the  Rostwml  DMthod. 


CHAPTER  XIL 

THE  DECOMPOSITION  OF  ROCKS. 

THE  GENERATi  PROCESS. 

When  a  rock  is  exposed  to  atmospheric  agencies  it  undergoes  a 
partial  decomposition  and  becomes  gradually  disintegrated.  Some 
of  its- substance  is  dissolved  by  percolating  waters,  themselves  of 
atmospheric  origin,  and  is  so  carried  away;  the  remaining  material, 
partly  hydrated  and  partly  unchanged  in  composition,  contains 
products  which  are  easily  separable  from  one  another.  By  flowing 
streams  the  finer  clays  or  silts  are  taken  away  from  the  coarser  and 
heavier  sand  grains,  and  this  process  is  an  important  step  toward  the 
ultimate  formation  of  sandstones  and  shales.  Solution,  hydration, 
disintegration,  and  mechanical  sorting  are  the  successive  stages  of 
rock  decomposition.  I  speak  now  in  general  terms.  Tlie  subsidiary 
agents  of  decomposition  will  be  considered  in  their  proper  connection 
later. 

The  breaking  down  of  a  rock  is  effected  partly  by  mechanical  and 
partly  by  chemical  means.  Meclianical  agencies,  such  as  the  grind- 
ing power  of  glaciers,  the  poimding  of  waves,  erosion  by  streams,  the 
disruptive  effects  of  frost,  or  the  action  of  wind-blown  sand,  tend  to 
s^arate  the  particles  of  a  rock  and  to  furnish  fresli  surfaces  to  chem- 
ical attack.  Unequal  expansion,  due  to  alternations  of  heat  and  cold, 
also  assist  in  producing  disintegration.^  The  distribution  of  volcanic 
dust  is  still  another  mode  by  which  finely  subdivided  rock  is  ren- 
dered available  for  aqueous  decomposition.  The  latter  depends  for 
its  efficiency  partly  upon  the  water  itself  and  partly  upon  dissolved 
acids,  salts,  or  gases.  Rain  water  falls  upon  the  surface  of  a  rock 
and  sinks  more  or  less  deeply  into  its  pores  and  crevices.  Kain,  as 
we  have  already  seen,^  carries  oxygen  and  carbon  dioxide  in  solu- 
tion, together  with  other  substances  in  varying  proportions.  Water 
and  gas  both  exert  a  solvent  action,  and  the  fluid  which  then  satu- 
rates the  rock  becomes  charged  with  the  products  of  solution.  These 
may  intensify  or  inhibit  further  action,  according  to  circumstances. 
Some  of  the  dissolved  matter,  redeposited,  may  form  a  protecting 
film  and  so  delay  or  prevent  further  solution.  This  retardation, 
however,  is  temporary,  for  mechanical  disint^ration  is  accompanied 

1  This  subject  is  fully  discussed  by  J.  C.  Branner,  In  his  paper  upon  the  decomposition  of  rocks  in  BnuU; 
Bull.  Oeol.  See.  America,  vol.  7, 1896,  p.  255. 
*  See  ante,  pp.  50  et  seq. 
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by  a  rubbing  of  the  loosened  particles  together,  and  so  the  coating 
of  insoluble  matter  is  removed. 

Normal  air  contains,  in  round  numbers,  21  per  cent  by  volume  of 
oxygen  and  0.03  of  carbon  dioxide.  In  rain  water  these  active  gases 
are  concentrated,  as  shown  by  the  analyses  of  R.  W.  Bunsen.^  Air 
extracted  from  rain  water  at  different  temperatures  has  the  compo- 
sition l)y  volume  given  below. 

Composition  of  air  extracted  from  rain  water  at  different  trmperatnres. 


• 

0* 

2.92 
33.88 
63.20 

2.68 
33.  97 
63.35 

10» 

15* 

»• 

Carbon  dioxide 

2.46 
34.05 
63.49 

2.26 
34.12 
63.62 

2.14 

Oxygen 

34.17 

Nitrogen  <» 

63.69 

100.00 

100.00 

100.00 

100.00 

loaoo 

a  Including  argon. 

As  waters  of  this  character  sink  deeper  into  a  rock  mass,  a  portion 
of  their  effectiveness  is  lost,  for  oxygen  and  csfrbon  dioxide  are  chiefly 
(Consumed  near  the  surface,  and  their  share  of  the  chemical  efiFect 
tends  to  become  zero.  The  decrease  in  the  case  of  oxygen  is  clearly 
shown  by  the  experiments  of  B.  Lepsius,^  who  has  analyzed  the  gase- 
ous contents  of  waters  from  three  bore  holes  of  different  depth.  Air 
extracted  from  water  at  12  meters  below  the  surface  contained  24.06 
per  cent  of  oxygen,  at  18  meters,  21.97  per  cent,  and  at  25  meters, 
only  12.90  per  cent.  In  rock  decomposition,  then,  oxidation  is  largely 
a  surface  phenomenon,  and  the  action  of  carbon  dioxide,  so  far  as  it 
is  directly  obtained  from  the  atmosphere,  must  follow  the  same  rule. 
Carbonic  acid,  however,  is  also  derived  from  other  sources,  so  that  its 
effects  are  not  necessarily  limited  to  the  upper  strata.  Its  presence 
in  ground  waters  will  be  considered  presently.^ 

When  meteoric  waters  act  upon  a  mass  of  rock,  the  effects  produced 
will  depend  upon  the  nature  of  the  minerals  which  they  encounter. 
Let  us  confine  our  attention  for  the  moment  to  the  more  important 
species  of  magmatic  origin,  such  as  the  feldspars,  micas,  pyroxenes, 
amphiboles,  olivine,  leucite,  nephelite,  and  the  typical  sulphide, 
pyrite.  The  last-named  mineral,  although  found  in  relatively  small 
proportions,  is  nevertheless  important,  for  by  oxidation  and  hydra- 
tion it  yields  solutions  of  sulphates  having  a  distinctly  acid  reaction. 
These  acid  solutions  act  strongly  upon  other  constituents  of  rocks, 
and  intensify  the  activity  of  the  percolating  waters.     The  sulphates 

1  Ann.  Chem.  Phann.,  vol.  93, 1855,  p.  48.    See  also  M.  Banmort,  idem,  vol.  88, 1853,  p.  17. 

*  Ber.  Dentsch.  chem.  Gesell.,  vol.  is,  18H5,  p.  2487.  E\idence  of  similar  purport  has  been  recorded 
by  other  observers. 

>  W.  G.  Levison,  Annals  New  York  Acad.  Sci.,  vol.  19,  1909,  p.  121,  suggests  that  the  oxygen  Uberatad 
by  aquatic  plants  may  assist  in  the  decomposition  of  rock  material. 
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contaiaed  in  natural  waters  are  largely  derived  from  this  souice,  at 
least  primarily.  The  re-solution  of  secondary  sulphates  is  of  course 
not  to  be  overlooked,  but  it  is  obviously  a  later  phenomenon. 

SOIiUBIULTY  OF  MINERALS. 

That  nearly  all  minerals  are  more  or  less  attacked  by  water  has 
long  been  known,  and  also  that  carbonated  waters  act  still  more  ener- 
getically. The  experiments  of  W.  B.  and  R.  E.  Rogers/  in  1848, 
established  these  facts  conclusively.  Many  minerals  were  tested,  and 
all  were  perceptibly  soluble.  From  40  grains  of  hornblende,  digested 
during  forty-eight  hours  in  water  charged  with  carbonic  acid,  0.08 
grain  of  silica,  0.095  of  ferric  oxide,  0.13  of  lime,  and  0.095  of  mag- 
nesia, or  nearly  1  per  cent  in  all,  were  extracted.'  In  the  classical 
investigations  of  A.  Daubrfie'  3  kilograms  of  orthoclase,  agitated 
with  pure  water  for  192  hours  in  a  revolving  iron  cylinder,  yielded  a 
solution  containing  2.52  grams  of  KjO,  with  trifling  amounts  of 
silica  and  alumina.  Two  kilograms  of  the  feldspar,  shaken  for  ten 
days  in  water  saturated  with  carbon  dioxide,  gave  0.270  gram  of  KjO 
with  0.750  of  silica.  A  3  per  cent  solution  of  sodium  chloride  was  a 
much  less  effective  agent  than  water  alone.  Leucite  was  not  so 
vigorously  attacked  as  orthoclase. 

In  1867  A.  Kenngott  *  showed  that  many  minerals  gave  an  alka- 
line reaction  when  in  contact  with  moistened  test  paper;  and  in 
1877  R.  Muller*  published  an  important  memoir  upon  the  solu- 
bihty  of  various  species  in  carbonated  water.  The  powdered  sub- 
stances were  digested  in  the  solvent  dm-ing  seven  wfeeks,  and  after 
that  treatment  the  dissolved  portions  were  quantitatively  analyzed. 
The  results  are  summed  up  below.  The  percentages  of  the  several 
constituents  determined  refer  to  the  total  amount  of  each  in  a  given 
mineral;  the  *'sum"  is  the  percentage  of  all  dissolved  matter  in 
terms  of  the  original  substance.  That  is,  under  KjO  1.3^7  per  cent 
of  the  total  potash  in  orthoclase  was  dissolved,  while  only  0.328  per 
cent  of  the  entire  mineral  passed  into  solution. 

»  Am.  Jour.  Scl.,  2d  ser.,  vol.  5, 1848,  p.  401. 

*  The  temperature  at  which  the  experiment  was  conducted  was  GO",  presumably  Fahrenheit. 

*  Istudes  synth^tiques  de  gtologie  expdrimentalc,  pp.  271-275.  See  also  p.  2o2  for  an  experiment  upon 
the  solubility  of  granite. 

*  Neues  Jahrb.,  1867,  pp.  77,  769. 

*  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  27,  Min.  Mitt.,  1877,  p.  25.  Mullcr  gives  a  good  summary  of  previ- 
ous work  upon  the  subject,  and  cites,  in  addition  to  the  memoirs  mentioned  here,  papers  by  Dittrich 
Haushofer,  Ludwig,  Hoppe-Seyler,  and  others.  A  later  summary,  by  F.  K.  Cameron  and  J.  M.  Bell,  is  in 
Bull.  No.  30,  Bureau  of  Soils,  U.  S.  Dept.  Agr.,  1905,  p.  12.  P.  Pichard  (Annales  chim.  phys.,  5th  ser., 
vol.  15,  1878,  p.  529)  found  that  several  magnesian  silicates  gave  alkaline  reactions  with  litmus  paper.  F, 
Sestfni  (abstract  in  Zeitschr.  Kryst.  Min.,  vol.  35, 1902,  p.  511)  made  similar  but  quantitative  observations 
oo  augite,  amphibole,  and  tremolite.  According  to  F.  Cornu  (Min.  pet.  Mitt.,  vol.  24, 1905,  p.  417;  vol.  25, 
1907,  p.  489),  who  tested  many  minerals  with  litmus,  kaoUnite,  pyrophyllite,  nontronite,  etc.,  {^ve  acid 
reactions.  See  also  E.  A.  Stephenson  (Jour.  Geology,  vol.  24, 1916,  p.  180)  oo  the  solubility  of  feldspars 
and  hornblende  in  alkaline  solutions. 
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MaUHal  extraeUdfrom  mvMraU  by  earhonaUd  waUr. 


Sl(V 

AltC 

K|0. 

N&iO. 

MgO. 

c«o. 

PiCH. 

FeO. 

Sum. 

AdiilnriA 

0. 1552 
.237 
.419 

0.1368 
9. 1713 
Trace. 

1.3527 
Trace. 

Trace. 

Trace. 

4.829 

.942 

0.328 

Oligoclase. . 
Homb  lendd 

2.367 

3.213 
&528 

.533 
L536 

IfniTinlitft 

.307 

"Do 

Trace. 

2.428 

L821 

AD&tite . 



i.696 
2.168 
1.946 

1.417 
1.822 
2.12 

Trace. 

1.529 

* 

2.018 

Do I-- - 

1.976 

Olivine 873 

Trace. 

i.  29i 

••«•••• 

'  8.733 
1.527 

2.111 

SeiDentine.     -  354 

2.649 

1.211 

t 

The  relative  solubility  of  several  minerals,  chiefly  magnesian 
specieS;  in  ordinary  water  was  determined  by  E.  W.  Hoffmann  *  in 
1882.  His  method  of  procedure  consisted  in  allowing  water  to  per- 
colate  through  the  powdered  material  for  two  months  and  measur- 
ing  the  loss  of  weight;  a  possibility  of  gain  by  hydration  seems  not 
to  have  been  considered.     The  data  given  are  as  follows: 

Relative  aoluHlUy  of  variow  minerak  in  w<Uer. 


Vesuvianite 

Epidote 

Olivine. . . , 

Chlorite 

Talc 

Muscovite. . 
Biotite 


Grams 

Lonof 

taben. 

weight. 

4.109 

0.064 

3.353 

.052 

3.506 

.078 

2.591 

.094 

1.1245 

.105 

.5058 

.056 

.9736 

.035 

The  excessive  solubility  here  shown  for  talc  and  muscovite  is  highly 
questionable.  Hoflfmann's  experiments  are  entitled  to  very  little 
weight.  It  has  been  shown  by  Alexander  Johnstone  '  that  micas 
exposed  to  the  action  of  pure  and  carbonated  waters  during  an  entire 
year  became  hydrated  and  increased  in  volume.  The  latter  phe- 
nomenon may  account  for  the  easy  weathering  of  micaceous  sand- 
stones. Muscovite  appeared  to  be  insoluble,  but  in  a  solution  of  car- 
bonic acid  the  biotite  lost  magnesia  and  iron.  In  another  communi- 
cation' Johnstone  states  that  olivine  is  slightly  attacked  by  carbon- 
ated water;  and  in  still  another*  he  described  the  action  of  that 
reagent  upon  orthoclase,  oligoclase,  labradorite,  hornblende,  augite, 
etc.  Among  the  feldspars,  orthoclase  was  the  least  and  labradorite 
the  most  soluble;  hornblende  and  augite  were  acted  upon  even  mcnre 
rapidly.    These  observations  seem  to  be  in  harmony  with  those  of 


1  Inaug.  Diss.,  Leipiig,  1882.  >  Proc.  Roy.  Soc.  Edinburgh,  vol.  15, 1888,  p.  496. 

s  Quart.  Jour.  Geol.  Boo.,  vol.  45, 1889,  p.  363.        « Trans.  Edinburgh  Oeol.  Soc.,  voL  5»  1887,  p^  S83. 
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MWer,  whose  figures  &how  a  similar  order  of  magnitude  among  the 
determined  scdubiUties. 

In  recent  yea^B  a  few  data  have  been  published  by  C.  Doelter  ^  rela^ 
tive  to  anorthite,  nephelite,  and  some  zeolites.  The  nej^elite  in  par- 
ticular was  strongly  attacked  by  carbonic  acid.  There  are  also  ex- 
periments by  F.  W.  Clarke'  on  the  alkalinity  of  several  silicates, 
which  were  followed  by  some  quantitative  determinations  by  G. 
St^er.'  Micas,  feldspars,  leucite,  nephelite,  cancrinite,  sodaUte, 
qpodxunene,  scapohte,  and  a  number  of  zeolites  were  studied,  and  in 
every  case  a  distinct  solubility  was  observed.  Apophyllite,  natrohte, 
and  pectohte  gave  remarkably  strong  alkaline  reactions  when  mois- 
tened, but  the  intensity  of  the  coloration  produced  with  indicators 
gave  inaccurate  information  as  to  the  extent  to  which  decomposition 
had  occurred.  Between  the  qualitative  and  the  quantitative  data 
there  were  discrepancies,  which  have  been  cleared  up  only  within  the 
last  few  years.  A.  S.  Cushman,*  in  his  work  upon  rock  powders,  has 
shown  that  when  orthoclase  is  shaken  with  water  an  immediate  ex- 
traction of  alkaline  salts  takes  place,  but  it  is  only  a  partial  measure 
of  the  amount  of  decomposition.  Colloidal  substances,  silica  or 
aluminous  silicates,  are  formed  at  the  same  time,  which  retain  a  por- 
tion of  the  separated  alkali,  but  give  it  up  to  electrolytic  solvents. 
For  example,  25  grams  of  orthoclase  were  shaken  up  with  100  cubic 
centimeters  of  distilled  water.  The  mixture  was  filtered,  and  the 
filtrate  on  evaporation  gave  0.0060  gram  of  residue.  With  a  2  per 
cent  solution  of  ammoniimi  chloride  a  soluble  residue  of  0.  0608  gram 
was  obtained.  With  diabase  25  grams  in  pure  water  yielded  an 
extract  of  0.0064  solid  residue;  with  a  1  per  cent  solution  of  ammon- 
ium chloride  it  gave  0.1412  gram.  These  gains  do  not  imply  increased 
decomposition,  but  only  a  liberation  of  the  soluble  compounds  which 
had  been  entangled  in  the  coUoids  that  were  formed  at  the  same  time. 
Any  salt  in  solution  is  likely  to  affect  in  some  such  manner  the  appa- 
rent solubility  of  a  rock  or  mineral,  a  conclusion  which  is  in  harmony 
with  many  observations  upon  the  tendency  of  soils  and  clays  to 
absorb  salts,  and  especially  salts  of  potassium,  from  percolating 
waters.  As  the  latter  change  in  composition,  their  decomposing  and 
dissolving  capacities  are  altered;  and  since  the  rocks  differ  in  compo- 
sition, no  general  rule  can  be  laid  down  to  determine  what  the  effects 
of  water  in  any  particular  case  will  be. 

I  Min.  pet.  Mitt.,  vol.  U,  1800,  p.  319. 

t  BalL  U.  S.  Geol.  Suney  No.  167, 1900,  p.  156. 

>  Idam*  p.  159. 

*  U.  8.  Dept.  Agr.,  Bur.  Chemistry,  Ball.  No.  92,  1906,  and  Office  Pub.  Roeds,  Ciicnlar  No.  38.  See 
■leo  A.  S.  Cuahxnaa  and  I'.  Hubbard,  Jour.  Am.  Cbem.  Boc.,  vol.  30, 1906,  p.  779,  oo  the  etoctrotytioeztaMS 
tkMk  of  potash  from  feldspars.  Obeer^-atioas  similar  to  Cushman's  have  been  made  by  Q.  Andr6,  Compi. 
Rend.,  vol.  157,  p.  856, 1913.  Other  papers  on  the  aohibility  of  rocks  are  by  W.  G.  LeTiBon»  BulL  Netir 
York  Mlneralogical  Club  No.  2, 1909;  W.  Funk,  Zeitschr.  ansew.  Chemie»  toI.  S2, 1908^  p.  145;  J.  I>uiiiont, 
Compt.  Rend.,  vol.  149, 1909,  p.  1390;  F.  Henrich,  Zeitschr.  pnkt.  Geologie^  1910^  p.  86;  F.  Sieha,  Inaug. 
Diss.,  Leipzig,  1891;  and  C.  U.  Smyth,  Jr.,  Jour.  Geology,  vol.  21,  p.  106|  1913. 
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Still,  in  spite  of  difficulties  and  uncertainties,  we  can  trace  the 
course  of  rock  decomposition  along  several  lines.  The  eyid^ice, 
both  as  found  by  experiment  in  the  laboratory  and  by  field  observa- 
tions, shows  that  practically  all  minerals,  certainly  all  of  the  important 
ones,  are  attacked  by  water  and  carbonic  acid.  The  pyroxenes  and 
amphiboles  yield  most  readily  to  waters,  then  follow  the  plagioclase 
feldspars,  then  orthoclase  and  the  micas,  with  muscovite  the  most 
resistant  of  all.  Even  quartz  is  not  quite  insoluble,  and  the  corrosion 
of  quartz  pebbles  in  conglomerates  has  been  noted  by  several  ob- 
servers.* Among  the  commoner  accessories  apatite  and  pyrite  are 
most  easily  decomposed,  magnetite  is  less  attacked,  and  such  minerals 
as  zircon,  corundum,  chromite,  ilmenite,  etc.,  tend  to  accumulate 
with  little  alteration  in  the  sandy  rock  residues.  These  minerals  are 
not  absolutely  incorrodible,  but  they  are  nearly  so.  Corundum,  for 
example,  slowly  undergoes  hydration,*  and  is  converted,  at  least 
superficially,  into  gibbsite  or  diaspore. 

The  effect  of  rain  water  upon  a  rock  must  now  be  divided  into  sev- 
eral phases.  First,  it  partially  dissolves  the  more  soluble  minerals, 
with  liberation  of  colloidal  silica,  and  the  formation  of  carbonates, 
containing  lime,  iron,  magnesia,  and  the  alkalies.  The  iron  carbonate 
is  almost  instantly  oxidized,  forming  a  visible  rusty  coating  or  pre- 
cipitate of  ferric  hydroxide.  The  lime,  magnesia,  and  alkali  salts 
remain  partly  in  solution,  to  be  washed  away,  together  with  much  of 
the  dissolved  silica. 

The  character  of  the  solution  thus  formed  by  the  decomposition  of 
feldspathic  rocks  has  been  investigated  by  W.  P.  Headden.*  After 
prolonged  treatment  of  orthoclase  with  water  containing  carbonic 
acid,  he  obtained  a  solution  which,  upon  evaporation,  yielded  a  resi- 
due carrying  over  40  per  cent  of  silica. 

The  second  phase  of  the  process  is  represented  by  a  hydration  of  the 
undissolved  residues.  The  feldspars  are  transformed  into  kaolin,  the 
magnesian  minerals  into  talc  or  serpentine,  the  iron,  as  we  have  seen, 
becomes  essentially  limonite,  and  the  quartz  grains  are  but  little  if 
at  all  changed.  This  double  process  of  solution  and  hydration  is  ac- 
companied by  an  ijicrease  of  volume,  which  may  or  may  not  assist 
in  effecting  disintegration.  On  the  surface,  the  weathered  rock 
crumbles  easily;  but  if  the  alterations  have  taken  place  at  consider- 
able depths  the  pressure  due  to  expansion  may  hold  all  the  particles 

1  S«e C.  W.  Hayes,  Bull.  Geo!.  Soc.  America,  vol.  8, 1897,  p.  213;  M.  L.  Fuller,  Jour.  Geology,  vol.  10^  IINB, 
p.  815;  C.  II.  Smyth,  Am.  Jour.  Sci.,  4tfa  ser.,  vol.  19, 1905,  p.  382.  For  the  solubility  of  qoaits  in  aointioDS 
of  borax  or  of  allcaline  silicates,  see  G.  Speda,  Jour.  Cbem.  Soc.,  vol.  78,  pt.  2, 1900,  p.  5fl6;  voL  80^  pi.  2; 
1901,  p.  605.  The  corrosion  of  quarts  is  attributed  by  G.  P.  Herriil  (Rocks,  rock  weathering^  and  soikf 
ad  ed.,  p.  252)  to  alkaline  carlxmates  generated  during  the  decompositioo  of  feldspars.  For  an  elabonls 
research  upon  the  solubility  of  gelatinous  silica,  see  V.  Lenher  and  H.  B.  MeniU,  Joar.  Am.  Chem.  Soe.» 
vol.  39, 1917,  p.  2<U0.   The  authors  give  many  references  to  literature. 

>S.  J.  Tbugutt,  Mineralchemische  Stndien,  1901,  p.  104. 

•Am.  Jour.  Sci.,  4th  ser.,  vol.  10, 1903,  p.  181. 
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in  place  and  the  rock  will  seem  at  a  first  glance  to  be  unaltered.  Such 
a  rocky  although  apparently  solid  when  it  is  first  exposed  to  the  air, 
rapidly  falls  to  pieces  and  becomes  a  mass  of  sand  and  clay.  This 
peculiarity  was  noted  by  G.  P.  Merrill  ^  in  certain  granites  of  the 
District  of  Columbia,  and  by  O.  A.  Derby'  at  railway  cuttings  in 
Brazil.  In  the  latter  case,  the  rocks,  when  first  imcovered,  were  so 
hard  that  they  were  removed  by  blasting;  but  they  soon  underwent  a 
sort  of  slacking  process  and  crumbled  away. 

By  solution,  oxidation,  and  hydration,  then,  a  solid  rock  is  con- 
verted into  an  aggr^ate  of  loose  material,  which  may  remain  in  place 
as  soil  or  be  removed  by  the  mechanical  agency  of  running  waters. 
As  a  rule  the  chemical  processes  are  incomplete;  some  of  the  minerals 
are  not  entirely  altered,  and  the  loose  products  therefore  exhibit 
many  variations.  In  general  terms,  the  streams  separate  the  dis- 
integrated materials  into  coarser  and  finer  or  lighter  and  heavier 
portions.  The  claylike  substances  are  generally  light  and  finely 
divided,  and  therefore  remain  longest  in  suspension.  The  heavier 
sands  and  gravels  are  not  carried  so  far,  and  thus  a  separation  is 
effected.  In  these  coarser  portions  are  found  quartz,  together  with 
undecomposed  fragments  of  the  various  minerals;  the  lighter  silta 
are  less  variable  in  composition.  Between  silt  and  sand,  however, 
there  are  all  possible  gradations,  and  a  corresponding  diversity  is 
shown  in  the  rocks  that  are  formed  by  their  reconsolidation.  Mud, 
sand,  and  gravel  yield  shales,  sandstones,  and  conglomerates;  but 
there  are  sandy  shales  and  argillaceous  sandstones.  The  separations 
are  sometimes  fairly  complete,  but  they  are  of tener  imperfect.  Swift 
waters  are  more  effective  than  sluggish  ones,  both  as  regards  prompt- 
ness of  action  and  the  thoroughness  of  the  separations.  A  moun- 
tain torrent  becomes  quickly  turbid  and  quickly  clear,  while  a  river 
flowing  through  a  flat  alluvial  country  is  rarely  free  from  discolora- 
tion by  suspended  sediments.  Much  silt  goes  to  the  ocean ;  the  coarser 
sands  and  gravels  subside  near  the  place  of  their  origin.  I  speak 
now  of  stream  deposits,  but  the  sands  of  the  seashore,  which  repre- 
sent disintegration  through  the  action  of  waves,  follow  similar  rules. 
The  gravelly  portions  are  left  highest  on  the  beach,  then  come  the 
sands,  and  the  lighter  particles  are  carried  away  to  be  laid  down  as 
oceanic  ooze. 

But  rain  water  is  not  the  only  chemical  agent  for  effecting  rock 
decomposition.  Below  the  surface  the  ground  water  is  at  work,  and 
that  contains  an  accumulation  of  the  salts  formed  during  the  earlier 
stages  of  the  process.  It  is  poorer  in  oxygen  than  the  surface  waters, 
but  richer  in  other  substances,  and  it  may  contain  a  large  proportion 

>  Dull.  Oeol.  Soc.  America,  vol.  6, 1895,  p.  321. 

<  Jour.  Geology,  vol.  4, 1896,  p.  529.    Holland  (Quart.  Jour.  Geol.  Roc,  vol.  59, 1903,  p.  M)  mentions  deep 
cuttings  in  India  where  the  minute  structure  of  the  gneiss  is  retained  on  surfaces  as  soft  as  putty. 
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of  organic  matter  derived  from  the  decay  of  yegetaiion.  This 
organic  matter  often  reverses  the  oxidation  which  had  previously 
taken  place,  reducing  ferric  to  ferrous  compounds  and  sulphates  to 
sulphides.  Pyrite,  dissolved  away  from  the  surface  rocks,  may  reap- 
pear as  marcasite  elsewhere.  Furthermore,  the  organic  decomposi- 
tion furnishes  large  amounts  of  carbonic  acid  to  the  ground  water, 
and  so  increases  its  activity.  At  the  surface  ferrous  salts  have 
yielded  the  insoluble  ferric  hydroxide;  in  the  soil,  by  reduction,  the 
solubility  is  partly  restored  and  in  the  form  of  ferrous  bicarbonate 
the  iron  may  be  more  or  less  washed  away.  When  alkaline  carbon- 
ates have  been  generated  in  the  ground  water  its  solvent  power  is 
increased,  and  it  then  becomes  an  effective  agent  in  the  solution  and 
redeposition  of  silica.^  The  impregnation  of  any  solution  of  alkaline 
salts  by  free  carbonic  acid  yields  a  solvent  of  this  kind.  Ground 
water,  then,  is  in  many  ways  different  from  rain  water.  As  the  latter 
sinks  deeper  and  deeper  into  a  mass  of  rock  or  soil  it  undergoes  pro- 
gressive modifications,  and  some  of  the  changes  which  it  brought 
about  at  the  beginning  of  its  career  may  be  reversed,  while  others  are 
accentuated.  At  certain  depths  the  decomposing  action  of  the  water 
may  cease  almost  entirely,  when  the  process  of  cementation  begins, 
and  then  new  rocks  are  generated.  The  subject  of  reconsolidation, 
however,  belongs  in  another  chapter. 

In  volcanic  regions  the  gaseous  emanations  play  an  important  part 
in  altering  the  rocks,  and  so,  too,  do  the  acid  solfataric  waters.  In 
previous  chapters  these  gases  and  waters  have  been  sufficiently 
described,  and  their  powerful  solvent  effects  were  noted  .^  Hot  waters 
chained  with  sulphuric  or  hydrocliloric  acid,  attack  nearly  all  erup- 
tive rocks,  dissolve  nearly  all  bases,  and  leave  behind,  in  many  cases, 
mere  skeletons  of  silica.  This  thorough  disintegration  of  lavas, 
however,  is  only  local,  and  has  not  the  wide  general  significance  of 
the  gentler,  less  noticeable  effects  produced  by  rain. 

EFFECTS   OF  VEGETATION. 

Vegetation  exerts  a  profound  influence  in  the  decomposition  of 
rocks.  Even  if  plants  did  no  more  than  to  retain  moisture,  making 
the  rock  beneath  them  damp,  their  action  would  be  important;  but 
that  is  only  part  of  the  story-  The  roots  of  plants  penetrate  into 
the  crevices  of  the  rocks,  and  as  they  expand  by  growth,  they  help 

1  See  E.  W.  Hilgard,  Am.  Jour.  ScL,  4th  ser.,  vol.  2, 1896,  p.  100.  HUgard  suggests  that  the  inclusions o( 
carbon  dioxide  found  in  quartz  may  supply  notable  quantit  ies  of  that  substance  to  underground  waters. 

*  In  addition  to  previous  references,  see  W.  B.  Schmidt,  Hin.  pet  Hitt.,  vol.  4, 1882,  p.  1 ,  on  UieaotioiBOf 
sulphurous  acid  upon  volcanic  rocks,  and  H.  Lotz ,  Dissertation,  0  lessen,  1912.  The  action  of  hot  solutlans 
not  necessarily  acid,  has  been  compared  with  the  effects  of  weathering  by  E.  Steidtmann,  Eoon.  Geology, 
vol.  3, 1908,  p.  381.  An  important  memoir  on  weathering,  by  K.  D.  Glinka,  Is  In  Trav.  8oc.  Imp.  Nat.  St. 
P^tersbourg,  vol.  34 ,  1906,  p.  1.  On  the  deoompositfon  of  basalt,  see  H.  Btremme, Monatsh.  Dentseh.  geoU 
Oesell.,1910,p.i80. 


TILE  DfiCX)MPOSlTION  OF  BOCKS.  479 

mechanically  in  the  work  of  disintegration.^  The  roots,  more- 
over, often  contain  organic  acids,  which  act  with  much  vigor  upon 
mineral  substances.  The  soil  or  decomposed  rock  about  the  roots  of  a 
tree  is  often  bleached  by  the  solution  and  removal  of  its  iron  contents. 
The  studies  of  H.  Carrington  Bolton  ^  upon  the  solubility  of  min- 
erals in  organic  acids,  and  especially  in  citric  acid,  show  how  power- 
ful tiiis  action  must  be.  This  acid  decomposes  many  silicates,  even  at 
ordinary  temperatures.  Furthermore,  plants  take  large  amounts  of 
mineral  matter  from  the  soil,  which  is  returned  to  it  in  a  different 
condition  after  the  vegetation  dies.  Lichens,  especially,  extract 
substances  directly  from  the  rocks  on  which  they  grow;  grass  and 
grain  crops  absorb  much  potash,  and  so  on.  These  substances  are 
found  in  the  ash  when  vegetable  matter  is  burned,  and  are  easily 
determined  by  analysis.' 

The  nxmxber  of  organic  acids  which  find  their  way  into  the  soil, 
from  one  source  or  another,  is  quite  considerable,  and  their  action 
deserves  a  much  more  systematic  investigation  than  it  has  yet 
received.  In  past  years  great  importance  was  attached  to  the  so-called 
''humus  acids,'*  the  products  of  vegetable  decay.  These  substances, 
however,  are  not  true  acids  at  all,  but  vague  mixtures  of  colloids 
whose  precise  chemical  nature  is  yet  to  be  determined.  They  have 
some  geologic  significance,  and  II.  Gedroiz  ^  has  shown  that  their 
alkaline  solutions,  percolating  downward,  and  meeting  Ume  salts,  are 
precipitated,  forming  the  impervious  layer  known  as  hardpan.  They 
also  act  as  reducing  agents,  and  so  aid  in  the  formation  of  pyrite  or 
marcasite  and  in  the  deposition  of  iron  carbonates.  Their  allied 
activity  as  solvents  of  silica  or  as  agents  in  rock  decomposition  is 
most  questionable.  Moor  waters  are  commonly  acid,  but,  as  K. 
Enidell'  has  proved,  the  acidity  is  usually  that  of  carbonic  add, 
whose  value  as  a  solvent  of  minerals  has  already  been  discussed. 
The  hiunus  substances  are  also  held  in  solution  b}-  alkaline  carbonates, 
which  readily  dissolve  silica.* 

>  See  A.  Oelkie,  Tcxt1x)okof  geology,  4th  ed.,  p.  (iOO,  and  G.  r.  Merrill.  Rocks,  rock  weathering,  and  soils, 
P.2D1. 

*  Annals  New  York  Acad.  Sci.,  vol.  1,  1877,  p.  1;  vol.  2,  1880,  p.  1. 

I  On  this  theme  there  arc  abundant  data,  which  ha\*e  been  collected  principally  with  reference  to  agrf- 
ooltural  problems.  A  long  table  of  ash  analjses  ma  j  be  found  in  Jahresb.  Chemie,  1847-48>  p.  1074.  Foe 
matim»ij>M  of  tho  amount  of  mineral  matter  token  from  the  soil  by  hemp  and  buckwheat,  see  R.  Peter* 
Kentucky  Gcol.  Sur^-ey,  ChcraicaT  analyses,  vol.  A,  1884,  p.  441. 

«Chem.  Abstr.,  1909,  p.  2600.    From  Jour.  exp.  Landw.,  vol.  0,  190B,  p.  272. 

*  Neues  Jahrb.,  Bell.  Band  31, 1910,  p.  1,  and  Joiu-.  prakt.  Chemie,  2d  ser.,  vol.  82, 1910,  p.  414. 

*  See  A.  A.  Jullen's  monographic  paper  upon  the  geological  action  of  the  humus  acids,  Proc.  Am.  Assoo. 
▲dv.  Sci.,  1879,  p.  311,  for  a  complete  summary  of  the  earlier  work,  now  mostly  abeolete,  on  thb  subjeet, 
Beoent  papers  by  A.  Baumann  and  E.  Gully,  iiitt.  K.  Bayr.  Moorkulturanstalt,  Heft  3, 1909,  p.  52,  and 
Heft  4,  1910,  p.  131,  are  important,  and  also  two  by  H.  Stremme,  Zeitschr.  prakt.  Geok^,  1900,  p.  353; 
1910,  p.  389.    The  recent  literature  upon  the  humus  acids  is  very  Telumiiiou& 
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INFI-UENCE  OF  BACTERIA, 

Even  forms  of  life  so  low  as  the  bacteria  seem  to  exert  a  definite 
influence  in  the  decomposition  of  rocks.  A.  Muntz  ^  has  found  the 
decayed  rocks  of  Alpine  summits,  where  no  other  life  exists,  swarm- 
ing with  the  nitrifying  ferment.  The  limestones  and  micaceous 
schist's  of  the  Pic  du  Midi,  in  the  Pyrenees,  and  the  decayed  cal- 
careous schists  of  the  Faulhom,  in  the  Bernese  Oberland,  offer  good 
examples  of  this  kind.  The  organisms  draw  their  no\u*ishment  from 
the  nitrogen  compounds  brought  down  in  snow  and  rain;  they  con- 
vert the  ammonia  into  nitric  acid,  and  that,  in  tmrn,  corrodes  the  cal- 
careous portions  of  the  rocks.  A.  Stutzer  and  R.  Hartleb*  have 
observed  a  similar  decomposition  of  cement  by  nitrifying  bacteria. 
The  effects  thus  produced  at  any  one  point  may  be  small,  but  in  the 
aggregate*  they  may  become  appreciable.  J.  C.  Branner,*  however, 
has  cast  doubts  upon  the  validity  of  Muntz  s  argument,  and  further 
investigation  of  the  subject  seems  to  be  necessary.  That  microbes 
exert  a  great  influence  in  the  soil  is  beyond  question.  Apart  from 
the  effects  produced  by  nitrification,  the  germs  aid  in  bringing 
about  the  decomposition  of  organic  matter,  and  in  that  way  enormoxis 
quantities  of  carbon  dioxide  are  generated.  Fiu'thermore,  some 
species  decompose  sulphates,*  and  so  modify  the  composition  of  the 
ground  water. 

INFLUENCE  OF  ANIMAL  LIFE. 

The  influence  of  animal  life  in  decomposing  rocks  is  perhaps  sec- 
ondary rather  than  initiative.  An  ordinary  soil  contains  rock-form- 
ing minerals  which  have  been  incompletely  broken  down,  and  animals 
assist  in  completing  the  disintegration.  The  effects  produced  by 
guano  upon  the  rocks  immediately  beneath  it  may  be  more  direct,  but 
its  distribution  is  exceedingly  limited.  On  the  other  band,  bur- 
ro\ving  animals  bring  fresh  soil  to  the  surface  to  be  acted  upon  by 
rain  or  blown  away  by  winds;  and  ordinary  earthworms  perform 
this  kind  of  labor  upon  a  vast  scale.  In  Brazil,  as  shown  by  J.  E. 
Mills '  and  J.  C.  Branner,*  the  work  done  by  ants  is  of  the  greatest 
significance.  These  creatures  dig  tunnels  hundreds  of  yards  long  and 
carry  into  their  nests  great  quantities  of  leaves.  Through  their  vital 
processes  they  generate  carbon  dioxide,  and  the  decay  of  the  leaves 
must  develop  much  more.  The  ants  not  only  open  up  the  soil  to  the 
action  of  air  and  water,  they  also  help  to  saturate  it  with  carbonic 

acid,  and  the  solutions  so  produced,  by  the  joint  action  of  rain, 

^ . 

>  Axmales  cbixn.  phys.,  6th  ser.,  vol.  \l,  1887,  p.  13C;  Compt.  Reod.,  vol.  IIO.  1S90,  p.  1370. 
<  Zeitschr.  angew.  Cbemie,  1899,  p.  402. 

•  Am.  Jour.  Sci.,  4th  ser.,  vol.  3, 1897,  p.  438. 

«Sce  ante,  p.  146.    See  also  E.  C.  Harder  (Prof.  Paper  X'.  S.  Geol.  Survey,  Xo.  113, 1919)  on  the  iron 
bacteria. 

•  Am.  Geolorift,  vol.  3, 1889,  p.  351. 

•  Bull.  Geol.  Soc.  America,  vol.  7, 1890,  p.  25o;  vol.  21, 1910,  p.  449. 
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respiration,  and  organic  decay,  penetrate  to  considerable  depths  below 
the  surface.  The  decomposition  of  the  underlying  rocks  is  thus 
distinctly  promoted  and  over  great  areas  of  territory. 

Before  passing  on  to  consider  the  products  of  decomposition,  a 
word  must  be  said  upon  the  destructive  influence  of  man.  By  drain- 
ing, grading,  irrigating,  fertilizing,  and  cultivating  the  soil,  by  tun- 
neling, quarrying,  and  mining,  the  processes  of  rock  decomposition 
are  promoted  in  many  ways.  New  surfaces  of  rock  are  exposed  to 
the  action  of  air  and  water,  new  solvents  are  introduced  into  the  soil, 
coal  is  withdrawn  from  the  earth  to  be  restored  to  the  atmosphere  as 
carbon  dioxide,  and  by  the  destruction  of  forests  erosion  is  accel- 
erated. The  extent  to  which  man  assists  in  the  decomposition  of 
rocks  may  easily  be  overrated;  but  human  influence  is  one  of  the 
active  agencies  which  can  not  be  ignored. 

PRODUCTS  OF  DECOMPOSITION, 

The  products  of  decomposition  are  commonly  divided  into  two 
great  classes,  the  sedentary  and  the  transported.  The  sedentary 
products  are  those  which  remain  in  place,  such  as  residual  clays;  the 
transported  materials  are  represented  by  glacial  drift,  river  silt,  wind- 
blown dust,  etc.  On  the  one  hand  we  deal  with  substances  derived 
from  a  single  litholc^c  unit;  on  the  other  we  have  blended  or  assorted 
materials  from  various  sources.  Corresponding  to  these  differences 
of  origin  there  are  chemical  differences.  First  in  order  let  us  con- 
sider the  sedentary  products. 

When  a  rock  is  decomposed  in  place,  the  changes  produced  are  relar- 
tively  simple.  Soluble  constituents  are  leached  away  and,  to  offset 
the  loss,  oxygen,  water,  and  often  carbon  dioxide  are  gained.  Ordi- 
narily the  gains  exceed  the  losses,  both  in  weight  and  in  bulk,  and  the 
change  may  be  either  complete  or  partial.  Every  gradation  is  possi- 
ble, from  incipient  alteration  to  the  most  thorough  decomposition. 
The  character  of  the  products  formed  will  depend  upon  the  composi- 
tion of  the  original  rock,  and  also  upon  the  nature  of  the  decomposing 
agents.  A  normal  granite,  for  example,  will  yield  a  mixture  of 
quartz,  kaolin,  and  scales  of  mica,  commonly  commingled  with 
fragments  of  imdecomposed  feldspar;  a  peridotite  is  converted  into 
serpentine;  a  rock  rich  in  iron  is  likely  to  give  much  ferric  hydroxide, 
and  so  on.  The  more  easily  alterable  minerals  natxu*ally  form  the 
more  easily  alterable  rocks,  and  the  residues  which  they  furnish  will 
represent  the  maximimi  amount  of  change.  That  change,  fxu*ther- 
more,  will  be  reflected  in  the  composition  of  the  percolating  waters, 
which  may  be  rich  in  silica,  or  carbonates,  or  sulphates,  according  to 
the  natm*e  of  the  minerals  upon  which  they  operate. 

113750**— 19— Bull.  695 31 
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.  Many  eomparative  analyses  of  rocks  aad  tkeir  deiMMmpoHitka  pgoA- 
ucts  are  oa  recorcL^  The  following  aaalyses,  represeoting  a  tew  typt- 
cal  examples,  are  enough  for  present  purposes : 

An&iy$€9  of  rodb  amd  timir  decomjpontMn  ptodmU, 

A.  Uieactoot  granite.  Db4dct  ol  Colaml)liw  D«Marib«l  by  Umdtk,  Bull.  QmL  Bog.  AiBflria*.  ^qIl  I^ 
1895,  p.  321.  Coatalns  quartz,  black  mica,  feldspar,  epldota,  apatite, flakes  of  seridte,  and  a  few  blaiok  tour> 
mattMsaadiroaorB.  a,  Tliaflrwfarock;  b,  partly deeomposed  rook;  e,  derired sail;  d,  ffawsBt, sepaiatwi 
iraoiaoU^    AMlysas a,  b, a, by  B.  L.  Paokacd;  4,  by  O.  P.  MeaJU. 

B .  ICIoaoeoos gneiss ,  Albamarle  County ,  Virginia.  Analysis  and  description  by  G .  P.  MerriB,  BuB.  QeoL 
8oe;AnMrioa,vot.ir,18V7,p.lS7.  TBerocftoootatasarthoelas^.plligieelaseyblaek  roiea,r&con,q«artx,iroB 
ore8,apatito,g»nMai,aBdaa«>Ute.  a,  TliailniliiDoft;b,  the  residual  soil. 

C.  EUooUte  syenite,  Fourche  Mountain,  Arkansas.  Described  by  J.  V.  Williams,  Ann.  Rapt  Axkansss 
Qeol.  Sarrty,  180^,  vol.  2,  pp.  81-®.  a,  Tfce  fresh  roek,  analyses  by  W.  A.  Nojres;  b.  e,  tb» deoompesed 
rock,  partial  analysaa  by  R.  N.  BnidoBtt. 

D.  Augita  andesite,  Rockland  Ridge,  Washington.  Analyses,  description,  and  ftdl  discussion  by  E.  A. 
SdmefcNr,  Ao.  Jeur.  Soi,  3d  ser.,  vol.  3<l,  1888,  p.  338.  Aooordlag  to  A«  W.  Jadtson,  tha rode  eoBtaias 
plaiiodase,  augite,  apatite,  nagnatite,  and  reaidual  glMS.    a,  Tha  fresh  rock;  b,  the  deriired  seflL 
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240.  See  also  papers  by  J.  Leniberg,  Zeitschr.  Deutsch.  geol.  GeseU.,  vol.  27, 1875,  p.  581;  vol.  28, 1876,  p. 

519;  vol.  33, 1883,  p.  539.   Other  gr3up3  of  analyses  than  those  cited  hera  ore  given  by  E.  Kaiser,  Zeltsohr. 

Deutsch. gaol.  Oesell.,  vol.  50,  Monatsb.,  10O4, p.  17;  and  M.  Dittrich, Zeitschr.  anorg.  Chemie,  vol.47,t905, 

p.  151. 
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Anedyie»  of  rocks  and  their  decomposition  produeU — Coiitmiied. 

E.  Diabase,  Iffedfofd,  Masaachosetts.  Analyses  and  diseoasian  by  G.  P.  Msniil,  BulL  GeoL  Soc.  Aiaep- 
isa,  ToL  7,  UM»  p.  350.  Aeoording  to  W.  H.  Hobbs  the  rock  contains  plasioclase,  aagite,  biotlte,  pyrite, 
apatite,  magaetite,  flmenite,  and  some  secondary  products,  a,  The  fresh  rocik;  b,  dlstntegrated  rock;  c, 
fine sOt.  For  data  oonoeming  a  diabase  firooi  Chatham,  Viiginla,  see  T.  L.  Wataon,  Am.  Geologist,  vd. 
22, 1908,  p.  flSb   Tba  analyses  ghren  are  not  complete. 

F.  Diorite^  Albemarle  County,  Virginia.  Described  and  analyzed  by  G.  P.  Merrill,  Rocks,  roek^weatber- 
ing,  and  soils,  pp.  234, 225.  Contains  hornblende,  plagiociase,  and  titanic  iron,  a,  Thefresh  roek;  b,  decou- 
poeedrock. 

G.  Diabase,  Spanish  Guiana,  Venezuela.  Described  by  G.  Attwood,  Quart.  Jour.  Geo!.  Soc,  vol.  35, 
1S79,  p.  588.  Analyses  made  in  the  Royal  School  of  Vines,  London,  a,  Thefresh  rodr;  b,  wefith«edro<dc; 
Cyhiglily  weathered  rode. 

H..  Diabase,  Island  of  Jersey.  Described  by  P.  Holland  and  E.  Didcson,  Proc.  Llrerpool  Geol.  Soc., 
ToL  7, 1899-03,  p.  108.  a,  The  fresh  rock;  b,  decomposed  rock.  Hol^nd  and  Dtdcson  also  give  data  relative 
t»fliedeouiuposition  of  a  granite  and  a  sandstone. 

I.  Auglte dlorite,  Magnetberg,  southern  Urals.  Described  by  J.  Morozewlcs,  abstract  in  Zeitschr.  Kryst. 
Ifin.,  vol.  99, 1904,  p.  612.  The  rock  alters,  first  by  leaching,  free  iron  oxides  being  diss^ved  and  partly 
rtdspositad  in  crevices;  second,  by  cfaloritizatlon  of  the  augite  and  production  of  garnet  microlit^;  finally 
by  kaolinization  of  the  feldspars,  a,  The  fresh  rock,  specific  gravity  2.988;  b,  first  stage  of  decomposition, 
specific  gravity  2.918;  c,  second  stage,  specific  gravity  2.6W. 
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All  these  comparative  groups  tell  essentially  the  same  story.  Oxi- 
dation of  the  iron  compomidsy  assumption  of  water,  a^d  loss  of 
soluble  bases  by  leaching  are  changes  which  can  be  recc^nized  at  a 
glance.  The  concentration  of  the  slightly  soluble  alumina  and 
ferric  oxide  in  the  residual  substances  is  also  clearly  apparent.  But 
the  true  magnitude  of  each  alteration  is  not  so  easily  seen.  In  some 
cases  the  changes  appear  to  oe  small,  when  actually  they  are  quite 
noteworthy.  The  apparent  gains  in  alumina  are  only  relative,  and 
so,  too,  are  all  the  other  percentage  variations.  In  order  to  deter- 
mine the  true  alterations  we  must  eliminate  the  disturbances  due 
to  oxidation  and  hydration,  and  this  may  be  done  either  by  exam- 
ining molecular  ratios  or  by  assuming  that  one  rock  constituent  is 
constant  and  comparing  the  others  with  it.  The  latter  method 
is  the  most  used  and  has  been  applied  by  Merrill  to  the  several 
groups  of  analyses  studied  by  him.  Either  ferric  oxide  or  alumina 
is  taken  as  invariable,  and  from  that  as  a  standard  the  relative  losses 
of  the  other  constituents  can  be  roughly  estimated.  The  process  is 
not  rigorously  exact,  but  it  gives  a  fair  conception  of  what  has  really 
occurred.  The  alumina  is  not  absolutely  insoluble,  but,  relatively 
to  the  other  bases,  it  is  very  nearly  so. 

For  four  of  the  rocks  under  consideration  Merrill  gives  the 
following  computations.  The  first  table  shows  the  percentage  of 
each  constituent  lost  by  the  original  rock.  The  second  table  gives 
the  percentage  lost  by  each  substance  referred  to  its  total  amount 
as  100. 

Results  of  decomposition  of  certain  Tocis, 
I.  Percentage  of  rock  lost. 
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ir.  Percentage  of  loss  of  each  constitiient. 
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From  these  figured  we  can  see  more  clearly  what  has  happened  to 
each  rock,  but  we  can  not  compare  the  four  columns  with  one  another. 
There  arii  still  too  many  variables.  The  rocks  contain  different 
minerals,  they  have  weathered  with  varying  completeness,  and 
they  were  not  exposed  to  the  same  percolating  waters.  Further- 
more, weathering  is  affected  by  the  texture  of  a  rock,  and  a  compact 
feldspar  will  change  less  readily  than  one  which  is  full  of  crevices. 
Coarseness  or  fineness  is  another  factor  to  be  take  into  account. 
In  short,  the  quantities  are  incommensurable  and  no  general  rules, 
except  as  to  the  main  tendencies  to  alteration,  can  be  based  upon 
them.  Each  individual  rock  alters  in  accordance  with  the  conditions 
to  which  it  has  been  exposed,  but  the  general  trend  of  the  changes 
is  always  in  the  same  direction.  Lime  is  always  removed,  but  per- 
colating waters  rich  in  carbonic  acid  will  carry  it  away  more  easily 
than  waters  less  heavily  charged.  The  lime-soda  feldspars  decompose 
more  readily  than  orthoclase  or  microchne.  OUvine  will  lose  magnesia 
more  readily  than  enstatite.  The  solubility  of  sihca  will  vary  with 
variations  in  the  leaching  agent.  Material  withdrawn  at  one  point 
may  be  redeposited  at  another.  Local  and  temporary  conditions 
meet  us  at  every  turn;  so  that  although  we  can  tell,  in  broad,  general 
terms,  how  a  given  rock  will  change,  we  can  not  predict  the  alteration 
in  its  quantitative  details. 

RATE  OF  DECOMPOSITION. 

The  extent  to  which  rocks  imdergo  decomposition  within  a  given 
time  is  largely  dependent  upon  climatic  circumstances.  Li  the 
polar  regions,  where  waters  are  frozen  diudng  a  great  part  of  the 
year,  solution  goes  on  more  slowly  than  in  warmer  climates.  In  the 
Tropics  the  waters  not  only  act  continually,  but  their  energy  is 
increased  by  their  higher  temperatures.  Frost  is  most  effective  as  an 
agent  of  disintegration  in  climates  where  alternations  of  freezing  and 
thawing  are  most  frequent.  As  E.  W.  Hilgard  *  has  well  said, 
"The  chemical  processes  active  in  soil  formation  are  intensified  by 
high  and  retarded  by  low  temperatures,  all  other  conditions  being  * 
equal."  Disintegration,  however,  as  distinguished  from  decay,  is 
very  active  in  high  latitudes  and  also  in  arid  regions.*  Li  both 
cases  the  great  alternations  of  heat  and  cold  promote  disintegration, 
whereas,  for  lack  of  flowing  water,  solution  and  erosion  are  retarded. 
Li  an  arid  region  the  diurnal  variations  of  temperatiure  are  extreme, 
and  inequalities  of  expansion  among  the  minerals  of  a  rock  produce 
their  maximum  effects.  Fiurthermore,  the  dust  and  sandstorms  of  a 
desert  advance  the  disintegrating  process.    The  rocks  are  ground  to 

^  —         ■  ■  ^^m^m^  I  ■  II  I.    ■    ■■■  -        ■    ■     -  .^   ■—  ^  .,  i.iiip»i  ■    -^^^^  ■■       ■     ■^»^— ^»^^^ 

I 

1  Report  OQ  the  relations  of  soil  to  climate:  Bull.  No.  3,  U.  S.  Weather  Bureau,  1892. 
»  See  I.  C.  Russell,  BuU.  Oeol.  Soc.  America,  vol.  1,  1890,  p.  135.    Also  compare  G.  P.  Merrill,  Rocks, 
rook  weathering,  and  soils,  pp.  278,  285. 
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powder^  but  mueh  of  the  debris  remains  in  place  and  loses  compara- 
tively little  by  leaching.  In  humid  climates  erosion  and  solution  go 
on  tc^ether,  and  an  abundance  of  r^etable  matter,  living  or  dead, 
helps  to  hasten  the  decomposition  of  the  rock-forming  silicates. 
Between  soils  of  arid  and  moist  climates  there  are  striking  differences 
of  compositioui  as  Hilgard  ^  has  clearly  shown  by  means  of  the  follow- 
ing averages.  Under  A  is  given  the  average  composition  of  466 
soils  from  the  humid  regions  of  the  Southern  States.  B  represents 
the  average  of  313  soils  from  the  arid  areas  of  California,  WashingtoDi 
and  Montana. 

Average  cbmpomiion  of  ioUifrom  'humid  ond  arid  reffiona. 


Insoluble  in  HCl 

Soluble  SiO, 

AVQ, 

Fe,q, 

S^:;.:::::;;:;:;;::: 

CaO 

KaU) 

kJx 

SS'::::::;;.;.v..::::::: 

Water  and  organic  matter 


100.252 


r» 


, 

84.031 

70.565 

4.212 

7.266 

4.296 

7.886 

3.131 

5.752 

.133 

.050 

.225 

1.411 

.108 

1.362 

.001 

a  aW 

.216 

.720 

.113 

.117 

.052 

.041 

3.644 

4.945 

100.399 


That  a  much  greater  proportion  of  soluble  matter,  unremoved  by 
leaching,  is  present  in  the  arid  regions  is  evident  at  a  glance.  The 
desert  soils,  when  suppUed  with  water,  are  exceptionally  fertile, 
because  they  have  retained  in  a  large  measure  the  foods  that  plants 
require. 

The  chemical  products  of  rock  decomposition  are  extremely  varied, 
as  might  bo  naturally  inferred  from  the  mineralogical  complexity 
of  the  original  masses.  In  the  residues  which  remain  after  leacdung 
we  find  free  sihca,  either  as  quartz  or  opal,  fragments  of  various 
undecomposed  minerals,  hydroxides,  and  a  number  of  the  rather 
indefinite  substances  known  as  days.  Among  the  latter  kaolinite, 
H4Al2Si209,  and  its  ferric  equivalent,  nontronite,  H^FexSjO©!  «re 
perhaps  the  most  miportant.*  These  species  occur  admixed  with 
one  another  and  also  with  other  hydrous  silicates,  opaHne  silica, 
and  hydroxides.  Kaolinite  is  a  very  stable  compound,  but  non- 
tronite is  easily  decomposed,  cither  by  acid  or  alkaline  solutions, 

iOp.clt.,p.30. 

*  This  oqulvalcncy  between  kaoUnitc  and  nontronite  was  suggested  by  K.  Weinaidieak,  2Seilaclir.  KxyaU 
Uia.,  YoL  2S,  1S97,  p.  150.  A.  Bergeat,  howcrer  (Centralbl,  Min.,  GeoL  n.  Pal.,  1909^  p.  Ml),  doscvibiog 
nontronite  derived  from  woUastonite,  assigns  it  a  different  formula^HtFiSitOst. 
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yieldiiig  a  ferric  hydroxide,  limonite,  as  a  final  product  of  aqueous 
action.  According  to  Weinschenk,  mixtures  of  kaolinite  and  non- 
tronite  are  sometimes  found,  in  which  the  structure  of  the  original 
gneiss  is  plainly  to  be  discerned.  That  kaolinite  is  the  chief  residual 
product  of  feldspathic  decay  is  the  commonly  accepted  view,  but 
some  writers  hold  that  it  is  not  formed  by  ordinary  weathering. 
According  to  H.  Rosier/  kaolinite  is  only  produced  by  pneumato- 
lytic  action — that  is,  by  the  operation  of  thermal  waters  and  gaseous 
emanations.  This  theory,  which  applies  to  some  localities,  but  not 
to  all,  has  led  to  much  controversy.  F.  H.  Butler,-  studying  the 
porcelain  clays  of  Cornwall  and  Devon,  ascribes  their  formation  to 
the  action  of  hot  ascending  waters,  for  he  finds  the  degree  of  kaoliniza- 
tion  to  increase  with  depth,  with  fresher  rocks  near  the  surface. 
E.  Wust  *  regards  the  kaolin  near  Halle,  Germany,  as  derived  from 
feldspars  by  the  action  of  humus  acids.  That  kaolinization  often 
takes  place  under  moors,  due  to  the  carbonated  waters  that  are  there 
present,  has  been  urged  by  various  writers ;  for  example  by  O.  Haehnel,* 
J.  E.  Barnitzke,*  F.  Weiss,*  K.  Endell,^  and  others.  H.  Stremme' 
recognizes  the  almost  self-evident  fact  that  any  of  the  suggested  pro- 
cesses may  be  operative,  weathering,  pneumatolytic  action,  and 
kaolinization  by  moor  waters,  but  ascribes  their  efficiency  in  all 
cases  to  the  chemical  activity  of  carbonic  acid.  Jointly  with 
C.  GJagel*  Stremme  describes  one  instance  of  kaolinization  by  the 
waters  of  a  cold  carbonated  spring.  V.  Selle,*®  who  has  studied  the 
kaolin  of  Halle,  which  is  derived  from  quartz  porphyry,  traces  it  to 
ordinary  weathering,  first  sericito  and  then  kaolinite  being  formed. 
Here  the  deposit  is  richest  in  kaolin  near  the  surface.  The  abundant 
kaolin  along  the  eastern  side  of  the  southern  Appalachians  is  evi- 
dently due  to  the  weathering  of  pegmatite. 

In  short,  kaolin,  like  many  other  substances,  may  be  formed  by 
any  one  of  several  processes,  in  all  of  which  water,  hot  or  cold,  and 
carbonic  acid  take  part.  No  one  interpretation  can  fit  all  its  occur- 
rences. 

1  Ncues  Johrb.,  Deil.  Band  15, 1902,  p.  231.  Rosier  gives  a  bibliography  relative  to  kaolinization,  embrac- 
ing 303  titles.  See  also  O.  Stutzer,  Zeitschr.  prakt.  Geologic,  1905.  p.  333,  who  accepts  Rfislcr's  view,  and  J. 
II.  van  Bemmclcn,  Zeitschr.  anorg.  Chemie,  vol.  CO,  1910,  p.  322.  Van  Bemmelen ,  however,  does  not  accept 
the  theory  exclusively  but  admits  that  weathering  may  also  produce  kaolin.  In  a  recent  paper.  Zeitschr. 
prakt.  Geologic,  1908,  p.  251,  ROslcr  defends  his  views. 

>  Mineralog.  Mag.,  vol.  15, 1908,  p.  128. 

»  Zeitschr.  prakt.  Geologic,  1907,  p.  19. 

♦  Jour,  prakt.  Chcmic,  2d  ser.,  vol.  78, 1908,  p.  280. 
» Zeitschr.  prakt.  Geologic,  1909,  p.  457. 

•  Idem,  1910,  p.  353. 

»  Sprechsaal,  Nos.  19,  20, 1910. 

*  Zeitschr.  prakt.  Geologic,  1908,  pp.  122, 443.  Other  recent  pai)ers  on  the  origin  of  clays  are  by  O.  Linck^ 
Geol.  Rundscliau,  vol.  4,  p.  289, 1913;  H.  Rics,  Trans.  Am.  Ceramic  Soc.,  vol.  13, 1911,  p.  15;  U.  O.  Back- 
man,  idem,  vol.  13, 1011,  p.  33G;  and  I.  Ginsburg,  Ann.  Inst.  Polytech.  St.  Petersbnrg,  vol.  17, 1912,  p.  945. 
Ginsburg's  paper  is  in  Russian,  with  a  German  abstract,  and  a  copious  Hbliography. 

•Ccntralbl.  Min.,  Geol.  u.  Vol.,  1909,  p.  427. 

1"  Join:.  Chem.  Soc,  vol.  96,  pt  2,  p.  63,  abstract  from  Zeitschr.  Natarwi<n.,  ^'ol.  79, 1907,  p.  321. 
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The  other  hydrous  silicates  of  aluminum  and  iron,  such  as  halloysitei 
cimolite,  pyrophyllite,  chloropal,  etc.,  are  of  more  or  less  uncertain 
origin.  Probably  different  crystalline  silicates  yield  different  resi*- 
dues  of  this  iU-defined  class,  and  any  or  all  of  them  may  exist  in 
residuary  days.* 

LATERITE  AND  BAUXITE. 

In  tropical  and  subtropical  regions  the  processes  of  rock  decay 
are  often  carried  further  than  is  usually  the  case  within  the  tem- 
perate zones.  The  leaching  is  more  complete,  the  silicates  are  more 
thoroughly  decomposed,  and  the  residues  are  richer  in  hydroxides. 
In  India,  for  example,  large  areas  are  covered  by  a  red  earth  known 
as  laterite,  which  in  some  cases  is  imdoubtedly  a  derivative  in  place 
of  preexisting  rocks,  such  as  granite,  gneiss,  basalt,  or  diorite.  In 
other  cases  the  laterite  is  detrital  in  character  and  far  distant  from 
its  place  of  origin.  The  term  has  been  vaguely  used,  and  as/  em- 
ployed  by  diflferent  writers  it  has  meant  vTry  different  tilings.  It 
has  been  applied  to  ferruginous  clays,  sediments,  beds  of  iron  ore, 
and  products  of  volcanic  action,  and  its  formation  has  been  attrib- 
uted to  a  variety  of  causes.*  W  J  McGee  ^  compares  laterite  with 
the  ferruginous  clays  and  soils  of  the  upper  Mississippi,  and  F.  B. 
Mallet  ^  regards  the  iron  ores  associated  with  the  basalts  of  Ulster 
as  having  a  lateritic  character.  W.  Maxwell,^  describing  the  red 
soils  of  the  Hawaiian  Islands,  which  are  derived  from  lavas  by 
the  action  of  volcanic  acids,  points  out  their  similarity  to  laterite. 
T.  H.  Holland  ^  suggests  that  lateritization  may  be  due,  in  part  at 
least,  to  the  activity  of  bacilli  or  other  micro-organisms  which  could 
live  in  a  warm  cUmate  but  not  in  colder  regions.  J.  Walther '  and 
S.  Passarge  *  call  attention  to  the  relatively  large  proportion  of  nitric 
acid  in  rainfaU  during  tropical  thunderetorms,  and  regard  it  as  a 
possible  cause  of  lateritization.  Brought  to  the  surface  of  a  decom- 
posing rock,  it  might  extract  the  iron  as  ferric  nitrate,  and  that  com- 
poimd  is  either  easily  hydrolyzed  or  else  precipitated  by  alkaline 
carbonates.  In  short,  similar  products  may  have  been  formed  in 
several  different  ways,  and  identity  of  composition  does  not  always 

1  On  the  constitution  of  tho  clay  silicates  see  H.  Le  Chatelier,  Zeitschr.  physiical.  Chemie,  foL  1, 1887, 
p.  396.  See  also  J.  W.  Mellor,  Trans.  Ceramic  Soc.  (English)  vol.  10,  1910-11,  p.  9*,  and  F.  W.  darkf^ 
Bull.  U.  S.  Oeol.  Survey  No.  588, 1914. 

s  See  R.  D.  Oldham,  Manual  of  the  geology  of  India,  2d  ed.,  1803,  pp.  34&-370.  P.  Lake  (Mem.  QeoL 
Survey  India,  voL  24,  pt.  3, 1890,  pp.  17-46)  gives  a  good  summary  of  earlier  views  upon  the  origin  of  laterite. 
Another  elaborate  summary  is  presented  by  0.  C.  Du  Bois,  liin.  pet  Mitt.,  vol.  22, 1909^  pi^  4-I8L  A 
good  chapter  on  laterite,  with  a  bibliography;  is  in  Abhandl.  K.  preuss.  geoL  LandemnsUlt,  new  scr.. 
Heft  62, 1900. 

>  GeoL  Mag.,  1880,  p.  3ia 

*  Rec  Geo].  Survey  India,  vol.  14, 1881,  p.  139. 

*  Lavas  and  soils  of  the  Hawaiian  Islands,  Honolulu,  1898.  Maxwell  gives  many  analyses  of  deeompoBl- 
tion  products  derived  tram  lava,  both  by  volcanic  action  and  by  normal  weathering. 

*  Oeol.  Mag.,  1903,  p.  59. 

'  Verhandl.  Qesell.  Krdkunde,  vol.  16, 1889,  p.  318. 

"  Jiept.  Sixth  Internat.  Oeog.  Cong.,  London,  1896)  p.  671. 
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imply  identity  of  origin.  Whatever  its  derivation  may  be,  whether 
from  rocks  in  place  or  as  a  transported  sediment,  true  laterite  is 
essentiaHy  a  mixture  of  ferric  hydroxide,  alimiinum  hydroxide,  and 
free  silica  in  varying  proportions.  To  laterite  in  situ  this  state- 
ment appUes  very  closely;  detrital  laterite  is  usually  contaminated 
by  admixtures  of  day.  Just  as  in  the  formation  of  kaolin,  the  proc- 
ess of  lateritization  may  be  complete  or  partial7  the  typical  product 
appears  only  when  the  alteration  of  the  parent  rock  has  gone  on 
to  the  end.  Then  the  sihcates  seem  to  be  completely  broken  down, 
whereas  in  kaolinization  a  stable,  hydrous  siUcate  remains.  In  one 
ease  we  have  silica  plus  free  hydroxides,  in  the  other  siUca  plus  kaolin. 
According  to  E.  C.  J.  Mohr  *  lateritic  decomposition  (and  the  forma- 
tion of  bauxite)  occurs  principally  where  there  are  plagioclase  feld- 
spars. Alkali  feldspars  yield  mainly  kaoUn.  In  this  view  J.  B. 
Harrison,'  who  has  studied  the  laterites  of  British  Guiana,  concurs. 
In  India  laterite  may  be  derived  from  various  rocks,  and  in  some 
cases  its  source  has  been  in  beds  of  volcanic  ash.  According  to  P. 
Lake,"  the  laterite  of  Malabar  is  produced  in  situ  from  gneiss.  M. 
Bauer  *  has  described  "granite  laterite'*  and  "diorite  laterite''  from 
the  Seychelle  Islands;  in  Surinam,  according  to  G.  C.  Du  Bois,*  its 
usual  parent  is  diabase;  in  the  Hawaiian  Islands  it  is  formed  from 
recent  lavas.*  There  are  many  analyses  of  laterite,  some  of  them 
relating  to  samples  of  known  origin,  others  to  detrital  material. 
For  example,  Bauer  gives  these  two  analyses  by  K.  Busz  of  laterite 
from  the  SeycheDes: 

1  Bull.  Dept.  Agr.,  Indcs  N<^Iandaiscs,  No.  28, 1909.    An  earlier  paper  on  laterite  is  in  No.  17, 1908. 

*  aeol.  Mag.,  1910,  pp.  439,  488,  553.    On  laterite  from  diabase,  idem,  1911,  p.  120. 

>  Mem.  Oeol.  Survey  India,  vol.  24,  pt.  3, 1890,  p.  17.  M.  Maclaren  (Geol.  Mag.,  1906,  p.  536)  regards  the 
Indian  laterite  as  formed,  not  directly  in  situ,  but  by  replacement  of  soil  or  decomposed  rock  by  deposits 
ttam  mineralized  solutions.  The  latter  he  attributes  to  subterranean  decomposition  of  silicates  by  car^ 
bcoated  waters.  A  similar  theory  is  advanced  by  J.  M.  Campbell  (Trans.  Inst.  Min.  and  Met.,  vol.  19, 
1910,  p.  432),  who  regards  the  hydroxides  of  laterite  as  deposited  f^om  ascending,  mineralized  waters.  A 
later  paper  by  Campbell  isin  Mining  Mag.,  vol.  17, 1917,  pp.  67, 120, 171, 220.  Other  recent  papers  on  laterite 
are  by  J.  R.  Kilroe  (Geol.  Mag.,  1908,  p.  534),  J.  Chautard  (Compt.  rend.  Soc.  ind.  min.,  April,  1906,  p.  119), 
Chantard  and  P.  Lemoino  (Bull.  Soc.  ind.  min.,  4th  ser.,  vol.  9, 1908,  p.  305,  and  Ckunpt.  Rend.,  vol  146, 
190B,  p.  239).  F.  P.  Mennell  (Oeol.  Mag.,  1900,  p.  350)  has  described  laterite  in  Rhodesia.  J.  M.  Van  Bem- 
melen  (Zeitschr.  anorg.  Chemie,  vol.  66, 1910,'p.  322)  discusses  laterite  and  kaolin.  See  also  R.  Lenz,  Inaug. 
Diss.,  Freiburg,  1908,  and  W.  Meigen,  Geol.  Rundschau,  vol.  2,  p.  197,  1911.  On  the  laterite  of  French 
Guinea  see  A.  Lacroix,  Nouv.  Arch.  Mus.  Hist.  Nat.  (Paris),  5th  ser.,  vol.  15, 1913,  p.  255,  reviewed  by  L.  L. 
Fonnor,  in  Geol.  Mag.,  1915,  pp.  28,  77, 123.  On  Indian  laterite,  R.  C.  Burton,  Rec.  Geol.  Survey  India, 
vol.  48, 1917,  p.  204. 

*  Neues  Jahrb.,  1898,  Band  2,  p.  192.    Also  a  later  paper  by  Bauer  in  Neues  Jahrb.,  Festband,  1907,  p.  33. 

*  Min.  pet.  Mitt.,  vol.  22, 1903,  p.  1.    Du  Bois  gives  several  analyses  of  laterite. 

*  W.  Maxwell,  Lavas  and  soils  of  the  Hawaiian  Islands.  C.  Klement  (Min.  pet.  Mitt.,  voL  8, 1886,  p.  26) 
gives  two  analyses  of  laterite  from  the  Congo  River  in  West  Africa.  Other  important  analyses  are  by 
H.  Arsandaux  (Compt.  Rend.,  vol.  149,  1909,  p.  682,  and  vol.  150, 1910,  p.  1608)  and  A.  Atterberg  (Cen- 
(ralbL  Min.,  Geol.  u.  Pal.,  1909,  p.  361).  In  certain  Indian  laterites  W.  R.  Dunstan  (Rec.  GeoL  Snrvey 
India,  vol.  37,  pt.  2, 1906,  p.  213)  found  unusual  amounts  of  TiOs,  up  to  13.76  per  cent.  On  laterite  in  West 
Australia  see  E.  8.  Simpeon,  Geol.  Mag.,  1913,  p.  398,  and  W.  G.  Woolnough,  Geo!.  Mag.,  191$,  p.  385.  On 
laterite  In  Mommbique,  see  A.  Holmes,  idem,  1914,  p.  529. 
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Anabfttt  of  laterite. 


SiO,. . 


Onaittlst- 
erlte. 


52.06 

29.49 

4.64 

14.40 


100.59 


DiDri*9iat' 
erItA. 


3.88 
49.89 
20.11 
25.98 


99.8$ 


M 


f 


If  from  thoso  mixtures  we  deduct  the  silica  as  quartz,  the  remaiader 
will  approximate  to  the  general  formula  RO,H^  which  is  that  of 
gibbsite.  The  water,  however,  is  a  little  too  low,  and  a  careful  reduc- 
tion of  the  data  leads  to  the  supposition  that  the  residual  substance 
is  a  mixture  of  gibbsite,  AlOgH,;  diaspore,  AIO3H,  and  limonite, 
Fejlfi^.  In  short,  laterite  is  identical  in  type  wiih  bauxite,  and 
is  merely  an  iron-rich  variety  of  the  latter.  Between  the  aluminous 
bauxite  and  the  iron  compoimd  Umonite  all  sorts  of  mixtures  may 
occur. 

From  this  point  of  view  the  analyses  of  Indian  laterite  published 
'^  by  H.  and  F.  J.  Warth  *  are  peculiarly  instructive.  A  represents 
gibbsite,  B  bauxite,  and  C,  D,  E,  and  F  laterite,  found  in  situ. 

"^^i^  Analyses  of  gibbsite,  bauxite^  and  lattrite. 


Quartz. 

Fe^O,.. 
MgO... 
CaO... 
TiO,... 
HjO... 


A 


B 


2.78 
62.80 
.44 
.03 
.20 
.04 
33.74 


100.03 


0.93 

67.88 

4.09 


.36 

1.04 

26.47 


100.77 


3.90 
54.80 
13.75 


.35 

.38 

26.82 


100.00 


D 


0.37 
43.83 
26.61 


.86 
4.45 

23.88 


100.00 


E 


10.52 

.2a 

35.38 
34.27 


.40 

.10 

19.00 


100.00 


F 


0.90 

26.27 

56.01 

.20 

.64 

1.59 

14.39 


100.00 


The  following  analyses  (G  to  J)  represent  detrital  laterites : 

Analyses  ofdclrHal  laterites. 


Quartz 

Saolinitc. 


Balance,  identical  with  bauxite* 


fAlA- 
FeoO,. 

MgO.. 

CaO.. 

TiOj.. 

IH2O.. 


G 


6.67 

28.77 

15.40 

41.50 

None. 

None. 

.25 

7.41 


100.00 


U 


4.53 

50.26 

11.86 

28.99 

None. 

None. 

.43 

3.93 


100.00 


39.53 

17.16 

9.58 

28.38 


.01 
5.34 


100.00 


24.39 
20.22 


47.39 

Trace. 

.88 

.01 

7.61 


100.00 


1  Geol.  Mag.,  1003,  p.  154.  Only  a  selection  from  among  a  large  number  of  anal3rsc»  can  be  given  here. 
See  also  II.  Warth,  Mineralog.  Mag.,  vol.  13,  1902,  p.  172,  for  a  description  of  Indian  gibbsite,  and  L.  L. 
Formor,  Kec.  Oeol.  Survey  India,  vol.  31, 190G,  p.  167,  on  ^bbsite  and  manganese  ores  in  laterite.  Fermor 
has  also  discussed  the  nature  of  laterite  In  Geol.  Mag.,  1911,  pp.  454, 507, 559. 
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Between  bauxite  and  laterite  thei*o  is  no  diriding  lino,  and  the  one 
shades  into  the  oth^.  The  dctrital  laterites  differ  from  those  in 
aitn  merely  in  having  taken  up  sand  and  clay  during  their  trans- 
portation  from  one  point  to  another.  The  bauxite  itself,  if  we  restrict 
thai  term  to  the  domitlantly  aluminous  varieties;  is  probably  a  mix- 
ture of  the  two  hydrates,  corresponding  to  gibbsite  and  diaspore,  the 
latter  compound,  however,  like  the  gibbsite,  being  in  an  amorphous 
condition.  Crystallized  gibbsite  or  hydrargilUte  is  comparatively 
rare. 

Bauxite,  Uke  laterite,  occurs  under  a  variety  of  conditions,  which 
suggest  a  dissimilarity  of  origin.  Its  formation  has  been  explained 
in  various  ways,  but  no  one  tbeory  seems  to  fit  all  cases.^  The  French 
bauxites  are  found  mostly  associated  with  Cretaceous  rocks,'  and  they 
have  been  interpreted  by  several  writers  as  deposits  from  hot  springs 
or  other  thermal  waters.'  S.  Meunier,  for  example,  regards  bauxite 
as  precipitated  alumina  thrown  down  by  the  action  of  calcium  car* 
bonate  upon  solutions  of  aluminic  salts.  Hot  waters,  rising  from  con- 
^derable  depths,  are  supposed  to  have  dissolved,  altmiina  from  the 
rocks  and  brou^t  it  into  the  region  of  hmcstcmes.  The  fact  that 
certain  French  bauxites  rest  upon  corroded  Umestones  gives  a  plausi- 
bility to  Meunier^s  suggestion.  This  mode  of  occurrence,  however,  is 
not  general. 

In  several  German  localities  bauxite  is  foimd,  hke  laterite,  as  a 
direct  residue  from  the  decomposition  of  basalt.*  The  bauxite  in 
some  cases  shows  the  structure  of  the  original  rock.  Aug6*  observed 
bauxite  at  one  locality  in  Auvergne  resting  on  gneiss  and  partly  over- 
lain by  basalt.  In  Ireland  G.  A.  J.  Cole*  has  described  bauxite 
which  was  apparently  derived  from  rhyolite  or  rhyoUtic  ash,  and  one 
decomposing  rhyolite  was  found  to  contain  a  considerable  proportion 
of  alumina  soluble  in  hot  sulphuric  acid.  Cole  supposes  that  the 
lavas  wore  fii^t  attacked  by  acid  vapors  and  that  the  alumina  so  dis- 
solved was  precipitated  by  waters  containing  alkahne  carbonates. 

>Soe  T.  L.  Watson,  Bull.  Oeol.  Survey  Ceorgia  No.  11,  1904,  for  a  good  summary  of  the  literature  ol 
iMMudte,  and  a  bibliography. 

«SeeH.Coquand,  Bull.Soc.g»k)l.  France, 2d  ser.,  vol.28, 1S70, p.  98.  AugtSidem.3d  scr.,  vol.  16, 1880, 
p.345.  F.  Laur,  Trans.  Am.  Inst.  Min.  Kng.,  vol.  24, 1894,  p.  234.  For  a  later  paper  by  Laiir  soe  Compt. 
Rend.  Soc.  Ind.  min. ,  1908,  p.  430.  On  the  composition  of  bauxite  see  II.  .Vrsandaujc ,  Compt.  Bond.,Tol. 
MS,  1900,  pp.  937,^1115;  and  also  in  Bull.  Soc.  min.,  vol.  3d,  p.  70, 1913. 

s  SeeCoquand  and  Aug^,  as  jost  cited;  also  S.  Meunier,  Compt.  Reed.,  vol.  96, 18(^,  p.  1737;  Bull.  Soc 
g^l.  France,  3d  ser.,  vol.  17,  1888,  p.  W.  Aag6  argues  from  an  erroneous  datum  relative  to  supposed 
tauxlto formed  by  geysers  in  the  Yeilowstona  Nationul  Park.  F.  Parmentier  (Compt.  Bond.,  vol.  115, 
1802,  p.  125)  has  called  attention  to  the  oecurremce  of  idamina  in  mineral  waters. 

«  See  A.  Streng, Zeltschr.  Deutsch.  geol.  Gesell.,  vol.  30, 1887,  p.  621.  A.  liobrich,  Inaug.  Diss. ,  Zurich, 
1801.  T.  Petersen,  Ber.  XXVI  Vers.  Oberrhein.  geol. Veretns,  1883, p.  38.  J.  I-ang,  Ber.  Deutsch.  chem., 
Ge9elK,voI.17,1881,p.2892.  B.Delkfi8kMip,Zeitsehr.prakt.Geologie,1904,p.306.  KSbrich,ldem,190l* 
p.  23.  H.  Miinster,  Inaug.  Diss.,  Olessen,  1905,  on  laterite-bauxite  deposits  in  the  Voselsgebirge.  Oa 
Hungarian  bauxite,  see  J.  von  Szddeczky,  F5hit.  Kdzl. ,  vol.  35, 1905,  p.  247,  and  R.  Lachmann,  Zeitsehr. 
prakt.  Geologic,  1908,  p.  353.  Sec  al.so  J.  B.  Harrison,  Report  on  baaxite  in  British  Guiana, 
1917,  an  o  Ticial  publication. 

*Lo?.cit. 

•  Trans.  Roy.  Dublin  Soc. ,  2d  ser . ,  vol.  0, 1800,  p.  105. 
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G.  II.  Kinahan^'  howcvor,  describing  other  Irish  localitieB  where  the 
bauxite  is  associated  with  iron  ores,  suggests  that  the  mineral  was 
formed  by  the  leaching  action  of  organic  matter,  derived  from  super- 
incumbent peat,  upon  ferruginous  clays. 

In  the  United  States  the  chief  deposits  of  bauxite  are  foimd  in 
Georgia,  Alabama,  and  Arkansas.     The  Georgia-Alabama  field  has 

^:been  principally  described  by  J.  W.  Spencer,*  H.  McCalley,"  C.  W. 

;  Hayes,*  and  T.  L.  Watson.'  Spencer  regards  the  bauxite  as  a  deposit 
from  lagoons,  and  calls  attention  to  its  evidently  conmion  genesis 
with  ores  of  manganese  and  iron.  Under  this  interpretation,  which 
has  not  been  generally  accepted,  bauxite  becomes  the  aluminous 
equivalent  of  bog  iron  ore.  Hayes  notes  its  association  with  gibbsite, 
halloysite,  and  kaolin,  and  attributes  its  formation  to  heated  ascend- 
^  ing  waters,  which  have  decomposed  pyrite  in  the  underlying  shales. 
Aluminous  solutions  were  thus  brought  to  the  surface,  to  be  precipi- 
tated by  carbonate  of  Ume.  A  similar  intervention  of  sulphates  has 
been  suggested  by  A.  Liebrich*  and  others.  The  occurrence  of 
bauxite  in  immediate  association  with  alimogen  on  the  upper  Gila 
River,  in  New  Mexico,  as  reported  by  W.  P.  Blake,'  gives  added 
emphasis  to  this  suggestion.  The  alteration  of  rhyolite  to  a  quartz- 
alunite  and  a  quartz-diaspore  rock  in  the  Rosita  Hills,  Colorado, 
described  by  W.  Cross,*  may  also  have  some  bearing  upon  the  prob- 
lem. As  for  the  Georgia-Alabama  bauxite,  its  composition,  as  shown 
by  many  analyses,  approximates  to  that  of  gibbsite.'  The  latter 
species,  it  may  be  observed,  was  prepared  synthetically  by  A.  De 
Schulten,^^  by  passing  a  current  of  carbon  dioxide  through  a  hot  alka- 
line solution  of  aluminum  hydroxide.  Distinct  crystals  of  gibbsite 
were  thus  obtained. 

1  Trans.  Manchester  Geol.Soc.,vol.22, 1894,  p.  458.  In  the  same  volume,  p.  524,  analyses  of  Irish  baiudtfls 
by  W.  Peilo  are  given,  and  there  is  still  another  pai>er  on  the  subject  by  O.  G.  Blackwell,  p.  525.  The 
analyses  show  largo  admixtures  of  titanic  oxide  in  the  baaxite. 

« Ceol.  Survey  Georgia,  The  ralsrozoic  group,  1893,  p.  214. 

•  Geol.  Survey  Alabama,  pt.  2, 1897. 

« Sixteenth  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3,  1895,  p.  547.  See  also  Trans.  Am.  Inst.  ICn.  Enf., 
1894,  p.  243. 

»  Bull.  Geol.  Survey  Georgia  No.  11, 1904.  In  Bull.  No.  18, 1909,  p.  430,  O.  Veatch  describes  the  batudte 
of  Wilkinson  County,  Georgia. 

•Zdtschr.  prakt.  Geologie,  1897,  p.  212. 

»  Trans.  Am.  Inst.  Min.  Eng.,  vol.  24, 1894,  p.  573. 

*  Seventeenth  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  2,  1896,  p.  314.  A  quarts-alonite  reck  in  CaUfomi* 
has  been  de8Cril)ed  by  H.  W.  Turner,  Am.  Jour.  Sci.,  4th  ser.,  vol.  5, 1908,  p.  424.  The  same  mixture  of 
minerals  is  found  in  the  mines  of  Goldfield,  Nevada,  according  to  F.  L.  Ransome,  Econ.  Geology,  vol.  2, 
1907,  p.  673.    Ransome  also  reports  intergrowths  of  alunite  and  diaspore. 

*SeeW.  B.  Phillips  and  D.  Hancock,  Jour.  Am.  Chem.Soc.,  vol.  20, 1888,  p.  209.  Admixtures  of  kaelin, 
halloysite,  and  sand  were  noted.  See  also  Watson,  loc.  dt.,  and  A.  E.  Hunt,  Trans.  Am.  In  st.Min. 
Eng.,  vol.  24,  1894,  p.  855.  Titanic  oxide  is  almost  invariably  present,  in  some  cases  reaching  M  hic^ 
as  9.80  per  cent.  It  also  appears  in  the  foreign  bauxites  already  mentioned, and  in  the  Italian  heoxites 
described  by  C.  Formenti,  Gazz.  chim.  ital. ,  vol.  32,  pt.  1, 1902,  p.  453.  On  Italian  bauxites  see  Q.  Aichise^ 
La  bauxite,  Torino,  1902.    Reprint  from  Rassegna  mineraria,  vol.  15. 

M  Bull.  Soc.  min.,  vol.  10, 1896,  p.  157. 
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The  bauxite  efApkfMMiis-bas 'been  studied  by -J.  F.  Williams/  J.  C. 
Branner,'  and  C.  W.  Hayes.'  According  to  all  of  these  observers,  it 
is  found  in  Tertiary  areas  near  eruptive  syenites,  and  there  are  no 
limestones  in  its  neighborhood.  Hayes  describes  two  varieties  of  the 
bauxite;  one,  granitic  in  character,  shows  the  structure  of  the  sye- 
nite from  which  it  was  probably  derived;  the  other  form  is  pisolitic 
1  and  may  be  a  secondary  generation.  At  some  points,  according  to 
/  Branner,  the  bauxite  contains  so  much  iron  that  attempts  have  been 
1  made  to  work  it  as  an  iron  ore.  The  granitic  bauxite  seems  to  repre- 
sent a  decomposition  of  the  syenite  in  place;  the  pisolitic  variety  was 
perhaps  precipitated  from  solution.  All  three  authorities  agree  in 
tracing  the  origin  of  the  bauxite  to  the  action  of  waters,  which  Hayea 
thinks  were  strongly  sahne  or  alkaline,  upon  the  heated  syenites, 
but  they  differ  as  regards  the  details  of  the  process.  Onia  of  the 
Arkansas  deposits  is  near  Fourche  Mountain,  and  it  is  interesting  to 
recall  the  fact  that  that  is  a  locality  for  elseolite  syenite.  Both 
gibbsite  and  diaspore  are  known  as  decomposition  products  of  el«o- 
lite  and  sodalite,^  and  it  is  conceivable  that  the  two  last-named  spe- 
cies may  have  been  the  parents  of  the  bauxite  here.  Like  the  Geo]^a 
bauxite,  the  Arkansas  mineral  approximates  to  gibbsite  in  compo- 
sition.^   It  also  contains  notable  amounts  of  titanium. 

Although  many  writers  have  regarded  bauxite  as  a  distinct  mineral 
species,  having  the  empirical  formula  AI2O3.2H2O,  few  samples  of 
,  it  have  exactly  that  composition.  It  is  usually  intermediate  between 
'j  diaspore,  AljOa-H^O,  and  gibbsite,  AljOa-SH^O;  but  is  sometimes 
near  one  and  sometimes  near  the  other.  It  seems,  in  fact,  to  be  a 
mixture  of  the  two  hydrates,  but  in  an  amorphous  condition.*  When 
solutions  of  sodium  aluminate  are  decomposed  by  carbon  dioxide, 
only  the  trihydrate  is  thrown  down,  at  least  so  far  as  crystalline 
products  have  been  observed.'  The  ordinary,  precipitated,  gelat- 
inous hydroxide  has  the  same  composition,  according  to  E.  T. 
Allen;*  but  at  100°  it  loses  water  and  becomes  a  dihydrate.  The 
latter,  in  moist  air,  regains  water  readily — an  order  of  change  which 
renders  its  occurrence  on  a  large  scale  as  a  natural  mineral  highly 

>  Ann.  Rept.  Arkansas  Geol.  Survey,  vol.  2, 1890,  p.  124. 

•  Jour.  Geology,  vol.  5,  1897,  p.  263.  This  review  contains  a  bibliography  of  bauxite,  and  references  to 
earlier  papers  by  Branner. 

»  Twenty-first  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3, 1901,  p.  435.  See  also  W.  J.  Mead,  Econ.  Geology, 
vol.  10, 1915,  p.  29. 

« Soo  S.  J.  Thugutt,  Neues  Jahrb.,  Beil.  Band  9, 1895,  p.  609.  Also  W.  C.  Br6gger,  Zeitschr.  Kryst.  Min., 
vol.  16, 1890,  p.  50. 

•  On  the  hydroxides  in  Arkansas  bauxite  see  D.  C.  Wysor,  Econ.  Geology,  vol.  11, 1916,  p.  42. 

•  On  the  hydration  of  bauxite,  see  also  H.  Lienau,  Chem.  Zeitung,  1905,  p.  1280;  and  T.  H.  Holland, 
Rec.  Geol.  Survey  India,  vol.  32, 1905,  p.  175.  HoIIand^vcs  analyses,  and  in  one  of  them  the  TiOs  reaches 
12.21  per  cent. 

»  See  Do  Schulten,  already  cited.  Also  F.  Russ,  Zeitschr.  anorg.  Chcmic,  vol.  41, 1904,  p.  210,  for  recent 
experiments  and  a  summary  of  the  work  done  by  earlier  investigators. 

>  Chem.  News,  vol.  82,  1900,  p.  75.  On  this  subject  there  is  a  voluminous  literature,  and  the  published 
data  are  very  dieeordant. 
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improbable.  Even  if  a  dihydrate  were  formed,  it  would  B^peedilj  be 
altered  into  sometbing  more  nearly  resembling  gibbsite.  In  the  col- 
loidal f orm,  the  trihydrate  often  contains  large  quantities  of  entangled 
water,  a  fact  which  accoonta  for  many  discordant  observatioDs. 
According  to  J.  M.  ran  Bemmelen  ^  this  form  can  pass  oyer  into  the 
erystalline  modification  and  the  latter  in  turn  may  become  amorphom. 
The  colloidal  varieiy  dissolves  to  a  greater  or  less  extent  in  water, 
but  is  readily  precipitated  from  its  very  unstable  solutions.  Pre- 
cipitated alumina  often  contains  appreciable  quantities  of  carbonates, 
but  whether  they  are  chemically  combined  or  not  is  very  uncertain. 
The  basic  carbonates  of  aluminum  described  by  various  authors  are 
substances  of  doubtful  character,  and  it  is  therefore  not  desirable  to 
invoke  their  aid  in  the  interpretation  of  geological  phenomena.  This 
statement,  however,  needs  qualification.  One  basic  carbonate  oi  alu- 
minum and  sodium,  the  rare  mineral  dawsonite,  is  knovm  to  exist,  but 
ita-genesis  is  undetermined.  There  is  also  the  rare  dundasite,  a  car- 
bonate of  aluminum  and  lead.  Although  rare  as  a  recc^nizable  sub- 
stance, dawsonite  may  be  common  as  a  diffused  ingredient  ol  soils ;  but 
tim  is  only  a  possibility.  There  is  no  evidence  upon  which  to  base  the 
suppositiiMi.  Free  alumina,  or  its  hydrate,  is  found  in  soils^  espe- 
cially in  the  Trojucs.  T.  Schlosing,^  on  comparing  French  soils  with 
schIs  from  Madagascar,  found  the  latter  to  contain  mudi  free  alu- 
mina, while  in  France  there  appeared  to  be  chiefly ,  if  not  exclusively, 
silicates.  Similar  observations  were  made  by  J.  M.  van  Bemmelen  ' 
on  volcanic  soils  from  Java  and  Sumatra,  in  which  free  hydroxides 
of  iron  and  aluminum  are  abtmdant;  and  W.  Maxwell's  study  of 
Hawaiian  soils  ^  leads  to  the  same  conclusions.  In  these  occurrences 
the  bauxite  or  laterite  substance  is  diffused  instead  of  being  concen- 
trated. It  is  therefore  less  easily  recognized,  but  its  nature  is  the 
same  as  if  it  were  assemUed  or  segregated  in  distinct  beds. 

Taking  all  of  the  evidence  into  account,  it  seems  clear  that  bauxite 
may  be  formed  by  more  than  one  process.  It  occurs  in  place,  like 
laterite,  as  a  residue  from  the  decompositicm  of  rocks;  it  is  found 
also,  apparently,  as  a  iH*ecipitate,  and  sometimes,  like  any  other  prod- 
uct of  disintegration,  it  is  in  beds  which  represent  transported  mate- 
rial. In  the  last  instance  it  is  contaminated  by  mixture  with  sand 
and  clay.     Even  in  its  residual  or  primary  occurrence,  its  imptni- 

1  Roc.  trav.  chim.,  vol.  7, 1888,  p.  75.  Zeitschr.  anorg.  Chemie,  vol.  18, 189S,  p.  132.  On  the  colloid  char- 
acter of  bauxite  see  E.  Dittler and C.  Doelter, Ccntralbl. Min.,  Ceol. u.  Pal.,  1912, p. lQf4;and  A.  Lm,  Kblloid 
Zeitschr.,  voL  14, 1914,  p.  81.  Also,  with  regard  to  Croatian  bauxites,  M.  EJ5i>ati6,  Neoes  JIahrb.,  Befl. 
Band  34, 1912,  p.  513;  and  F.  Todan.  idem,  p.  401,  and  Centralbl.  Ifin.,  Oeol.  u.  Pal.,  19X3,  pp.  65, 495. 

sCompt.  Rend.,  vol.  132,  1901,  p.  1203.  According  to  K.  Glinka  (Zeitschr.  Krjst.  MlB.,  vol.  32, 1900» 
p.  79),  kaolin  commonly  contains  admixtures  of  aluminum  hydroxide,  sometimes  as  dlaspore,  sometimes 
apparently  bauxite.  See  also  M.  G.  Edwards  (Econ.  Geology,  vol.  9. 1914,  p.  112)  on  aluminum  hydrifees 
hi  clays. 

>  Zeitschr.  anorR.  Chemie,  vol.  12, 1901,  p.  255. 

♦  Lavas  an  1  siils  of  the  Hawaiian  Islands. 
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ties  ar&  aignificsnt,  for  they  show  a  concentration  of  the  iiv3oluUe 
pariiofiA  of  ibe  original- roek.  The  titanium,  for  example,  which  was 
firat  observed  in  bauxite  by  H.  Sainte-Claire  Devilie/  is  such  a  {nrod- 
oct  of  concentration;  and  it  is  found  not  only  in  bauxite  but  in 
nearly  all  residual  clays.  It  is  possibly  present  in  some  cases  as  the 
hydrous  aluminum  titanate,  xanthitane,  a  mineral  which  is  known 
as  an  alteration  product  of  sphene. 

The  processes  by  which  aluminous  silicates  are  transformed  into 
hydroxides  have  not  been  determined  with  certainty.  We  have  only 
probabiUties  to  guide  us.  It  is  most  likely  that  in  many  cases  the 
formation  of  acid  solutions  by  oxidation  of  pyrite  is  the  first  step 
in  the  alteration;  they  dissolve  alumina  from  the  rocks  to  yield  it 
up  again  upon  mixture  with  alkaline  solutions  or  solutions  of  cal- 
cium carbonate.  In  the  latter  case  gypsum  would  also  be  formed 
and  then  leached  away.  The  precipitation  might  occur  in  place, 
almost  contemporaneously  with  the  formation  of  the  aluminous  solu- 
tions, or  the  dissolved  matter  could  be  carried  some  distance  before 
deposition.  Since  colloidal  alumina  is  soluble  in  water,  it  might  be 
transported  to  a  considerable  distance  before  coagulation  occurred. 
The  solution  of  alumina  from  the  rock-forming  silicates  would  of 
course  be  accompanied  by  a  liberation  of  silica  in  a  colloidal  cm:  finely 
divided  form,  which  could  dissolve  readily  in  the  alkaline  matter  of 
the  ground  waters,  and  so  be  removed.  In  volcanic  regions,  of 
course,  as  in  Java,  Sumatra,  and  Hawaii,  the  acid  emanations  from 
volcanoes  doubtless  play  an  important  part  in  the  decomposition  of 
the  silicates  and  the  solution  of  alumina. 

The  agency  of  thermal  and  atmospheric  waters,  separately  or  con- 
jointly, must  also  be  considered  with  reference  to  the  formation  of 
bauxite.  E.  Kaiser,^  studying  the  alteration  of  German  basalts, 
supposes  that  carbonated  waters  first  transform  the  aluminous  sili- 
cates into  hydrous  compounds,  from  which,  by  alkaline  solutions,  the 
alumina  is  thrown  down;  that  is,  the  process  consists  of  two  stages, 
an  intermediate  hydrated  sihcate  being  first  formed.  Kaolinite  is 
such  a  silicate,  but  it  is  insoluble,  and  the  change  ends  with  its  forma- 
tion. Possibly  halloysite,  which  has  the  composition  of  kaolinite 
plus  water,  but  which  is  decomposed  by  acids,  is  such  an  intermediate 
compound.  The  association  of  halloysite  with  the  Georgia  bauxite 
is  suggestive  of  this  possibility;  but  alternatives,  such  as  the  forma- 
tion of  zeoUtcs,  must  also  be  taken  into  account.    Any  rekftively 

1  Annales  chim.  phys. ,  3d  ser. ,  voL  61 ,  1861 ,  p.  300.  D«viUe  also  foond  A-anadiQin  io  bai»iU.  See  ais j 
the  reiereiices  to  analyses  of  batixiLe  previously  cited.  Tha  almost  uniwraal  dbiribatfen  of  titnnhim  In 
cJagraaaams  to  have  been  Crst  noted  by  £.  RUey,  Jour.  Chem.  Boc,  vol.  15,1862,  pu  311 ,  and  ▼•i.l6»li)63^ 
p..  267.    See  also  ¥.  I*.  Dunninirton ,  A  m.  Jour.  ScL .  3d  ser. ,  vol.  42,  lau ,  p.  401. 

*  Zeitscbr.  Deatscfa.  geol.  (Icsell..  vol.  56,  ICooatsb.,  10O4,  p.  17. 
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soluble  or  unstable  silicate  of  aluminum  '  would  fulfiU  the  conditions 
required  by  Kaiser's  hypothesis.  The  latter  has  value  only  as  a 
suggestion^  and  it  remains  to  be  seen  whether  it  is  possible  to  trace 
the  transformation  of  an  igneous  rock  into  bauxite  through  all  of 
its  stages.     So  far,  that  has  not  been  done. 

By  dehydration,  bauxite  passes  into  emery.     Emery,  therefore, 
may  sometimes  be  regarded  as  the  metamorphic  equivalent  of  bauxite.' 

ABSORPTION. 

In  any  study  of  the  phenomena  attending  rock  decomposition  it  is 
important  to  note  that  the  leached  products  can  regain  some  of  the 
substances  which  they  have  lost.     Clays,  soils,   and   other  finely 
\  divided  mineral  matter  can  extract  acids,  bases,  and  salts  from  per- 
1  colating  solutions  and  in  doing  so  they  act  selectively.     As  a  rule  a 
V  soil  takes  up  potash  more  readily  than  lime,  magnesia,  or  soda,  and 
I  retains  it  tenaciously.     This  absorption  or  adsorption  of  potassium 
compounds  was  long  ago  observed  by  J.  T.  Way,*  and  the  phenome- 
non has  since  been  studied  by  many  observers.     R.  Warington* 
t  found  that  hydroxides  of  iron  and  aluminum,  particularly  the  former, 
were  especially  active  as  absorbents,  and  most  so  in  the  presence  of 
I  calcium   carbonate.     That  is,   calcium   carbonate   converted  other 
alkaline  salts  into  carbonates,  wliich  were  more  easily  absorbed.    J. 
Lemberg's  papers  *  on  the  alteration  of  silicates  are  rich  in  data 
illustrating  the  reactions  which  occur  during  absorption.     The  cases 
studied  by  Lemberg  are  of  the  nature  of  double  decompositions,  in 
which  a  sihcate  loses  one  base  to  a  solution  only  to  take  up  another. 
The  recent  investigations  by  M.  Dittrich®  relate  to  changes  of  the 
same  order.     Saline  solutions  were  made  to  act  upon  decomposed 
rocks  and  their  changes  in  composition  were  observed. 

Double  decomposition,  however,  is  not  the  only  process  to  be  con- 
sidered in  this  connection.     Warington's  experiments  point  directly 

>  It  is  possible  that  some  of  the  supposed  hydrous  silicates  of  aluminum  which  have  been  described  are 
merely  mixtures  of  colloidal  silica  and  colloidal  alumina.  This  is  claimed  by  H.  Stremme,  Centralbl. 
Min.,  Geol.  u.  Pal.,  1908,  p.  661, 1911,  p.  197,  and  1914,  p.  80,  in  the  cases  of  allophane,  balloysite,  and  numtr 
morillonite.  Their  definiteness  as  compounds,  on  the  other  hand ,  is  afPrmed  by  S.  J.  Thugutt,  idem,  1911, 
p.  97,  and  1912,  p.  35.  See  also  R.  Gans,  idem,  1913,  p.  690,  and  1914,  p.  365.  Several  of  these  mineralshaTe 
been  studied  physically  by  £.  LOwenstein,  Zeitschr.  anorg.  Chemie,  vol.  63, 1909,  p.  69,  whose  experimeDts 
are  favorable  to  their  integrity. 

s  See  A.  Liebrich,  Zeitschr.  prakt.  Geologie,  1895,  p.  275.  For  a  different  composition  of  emery,  see  th# 
section  on  corundum  in  Chapter  X  of  this  work. 

•  Joor.  Roy.  Agr.  See.  England,  vol.  11, 1850,  p.  313;  vol.  13, 1852,  p.  123. 

•  Jour.  Cheou  Soc.,  vol.  21, 18fi8,  p.  1. 

•  See  especially  the  memoir  in  Zeitsdir.  Deutsch.  geol.  Gesell.,  vol.  28, 1876,  p.  519. 

tMttth.  OrQssh..bad.  geol.  LandeaaiwtBlt,  voL  4, 1903,  p.  330;  Zeitschr.  anoxg.  Oiemie,  vol.  47, 1906,  pw  181. 
Tbatwo  papers  oovertlMaBinegrooDd  in  part,  but  annot  absolutely  identical.  A  later  pay  by  Pttttiafc^ 
Isin  Mitth.  Gro88h.-bad.geol.Lande8anstalt,vol.6,1907,p.  1.  Seealso J.  DumoDt,Compt.RcBd.,vol.l4a» 
1906,  p.  345,  on  the  decomposition  of  potassium  carbonate  by  clay ,  etc.,  and  O.  Schreiner  and  G.  H.  FaUyer, 
Bull.  Bur.  Soils,  No.  32,  U.  S.  Dept.  Agr.,  1906,  on  the  absorption  of  phosphoric  acid  and  potash  by  soils. 
Bull.  No.  52, 1908,  of  the  same  bureau,  by  U.  E.  Patten  and  W.  H.  Waggaman,  is  a  general  disoossion  of 
absorption  by  soils,  with  many  references  to  literature.  See  also  E.  G.  Parker,  Jour.  Agric  Researdii 
vol.  1. 1913,  p.  179. 
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^  to  an  absorption  by  colloids,  namely,  the  colloidal  hydroxides  of  iron 
r  and  alumina.  According  to  J.  M.  van  Bemmelen,*  those  *'hydrogels,'' 
j  as  they  are  called,  together  with  similar  hydrogels  of  manganese 
and  copper  oxides,  show  a  marked  absorptive  power  for  salts  of  the 
alkahes  and  alkaline  earths.  There  are  also  colloidal  complexes  of 
ferric  and  aluminic  silicates,  and  of  humus,  which  act  in  the  same  way. 
These  substances  act,  first,  as  absorbents,  in  some  maimer  which  is  not 
clearly  understood ;  and  the  salts  which  they  take  up  can  react  later 
with  various  saline  solutions  by  double  decomposition.  When  the 
colloids  pass  over  into  crystalline  substances,  they  lose  in  great  meas- 
ure their  absorptive  capacity.  It  has  also  been  shown  by  Van  Bem- 
melen  *  that  plastic  clays  have  the  greatest  efficiency  as  absorbents  of 
water,  nonplastic  clays  being  inferior  in  this  respect.  It  is  now  gen- 
erally believed  that  the  plasticity  of  a  clay  is  due  to  the  colloid  sub- 
stances which  it  happens  to  contain.  This  supposition  was  clearly 
stated  by  T.  Schlosing  '  as  long  ago  as  1888,  and  advocated  later  by 
P.  Rohland.*  It  has  recently  been  developed  more  fully  by  A.  S. 
Cushman,^  whose  experiments  upon  the  binding  power  of  road-making 
materials  are  apparently  conclusive.® 

SAND. 

The  complete  disintegration  of  a  rock  is  commonly  followed  by  a 
removal  of  the  fragmentary  material  from  its  original  site.  The 
transported  products  are  much  more  abundant  than  the  sedentary. 
This  transportation  may  be  effected  in  various  ways — ^by  flowing 
tstreams,  by  glacial  ice,  or  by  winds — and  it  is  accompanied  to  a  cer 
ain  extent  by  a  separation  of  the  rock  residues  into  substances  of 
different  kinds.  A  stream  deposits  its  load  first  as  coarse  gravel, 
then  as  sand,  and  finally,  often  with  extreme  slowness,  as  silt  or  clay. 
The  gravel  consists  merely  of  fragments,  more  or  less  roimded,  of 
the  original  rock  or  of  its  larger  inclusions.  The  sand  contains  finer 
particles  of  undecomposed  minerals,  with  quartz  usually  predomi- 
nating. The  silt  is  composed  largely  of  decomposition  products  such 
as  kaolinite,  hydroxides  of  iron  or  aluminum,  and  the  like.  These 
substances  shade  into  one  another,  and  their  exact  nature  in  any 

1  ZeJtschr.  anorg.  Chemie,  vol.  23, 1900,  p.  321.  See  especially  pp.  358  and  3(W.  An  earlier  paper  by  Van 
Bemmelen  in  Landw.  Versuchs-Stationen  (Berlin),  vol.  21,  p.  135,  should  alsobenoted.  J.  E.  Harris, 
Joiir.  Physical  Them.,  vol.  18,  p.  355, 1914)  has  shown  that  soils  and  kaolin  exert  a  selective  influence  in 
the  absorption  of  salts;  the  bases  being  retained  and  the  acids  set  free. 

*  Zdtschr.  anorg.  Chemie,  vol.  42, 1904,  p.  314. 
» Chimieagricole,in  Premy's  Encyclop^e  chimique,  p.  67. 
<  Zeitschr.  anorg.  Chemie,  vol.  41, 1904,  p.  325. 

*  Bulls.  No.  85, 1904,  and  No.  92, 1905,  Bur.  Chemistry,  U.  S.  Dept.  Agr., and  Trans.  Am.  Ceramic  See. 
vol.  G,  1904.    Cushman  cites  several  other  authorities  than  those  mentioned  here. 

*  See  also  F.  E.  Grout,  Jour.  Am.  Chem.  Soc.,  vol.  27, 1905,  p.  1037.  Grout  admits  that  colloids  may 
assistin  producing  plasticity  but  thinks  that  "molecular  attraction  "  is  a  more  important  cause.  A  paper 
by  R.  Locas  on  the  physical  properties  of  clays  api>eared  in  Centralbl.  Kin. ,  Geol.  u.  Pal. ,  1906,  p.  33.  A 
long  pai)er,  rich  in  reference  to  literature,  by  N.  B.  Davis,  is  in  Trans.  Am.  Inst.  Min.  Eng.,  vol.  51, 1917, 
p.  451.  Davis  attributes  plasticity  in  clays  to  colloids.  Bull.  U.  8.  Geol.  Survey  No.  388,  by  H.  E.  Ashley, 
is  a  good  treatise  on  colloids  in  clays,  with  a  long  bibliography  on  the  subject.  Tech.  Paper,  Bur.  Stand- 
ards, No.  23, 1913,  is  another  treatise  by  Ashley. 

113750**— 19— Bull.  695 32 
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specific  case  will  depend  upon  1^  tborougliness  witii  whkdi  the -{Hi- 
mary  deocHnposiiion  was  effected  and  upon  mechanical  factors  such 
as  the  velocity  of  the  stream. 

The  term  ^'sond''  is  vaguely  employed  to  denote  very  different 
substances.  Volcanic  sand,  for  example,  is  finely  divided  lava  or 
lava  spray;  coral  or  shell  sand  is  made  up  of  broken  corals  and 
shells,  and  so  on.  Even  if  we  restrict  the  use  of  the  word^  for  jMresent 
purposes,  to  the  granular  products  of  rock  decomposition  we  shall 
find  that  wo  have  many  dissimilar  bodies  to  deal  with.  Quartz  and 
feldspar  are  the  commonest  minerals  in  the  rocks;  hence  quartas  and 
feldspar  fragments  are  the  chief  constituents  of  river  sands.  But 
the  feldspars  are  largely  decomposed,  and  therefore  the  sands  repre- 
sent most  frequently  a  concentration  of  the  more  stable  quartz. 
Sands  also  contain  the  oth^  rock-f  orming  minerals,  and  these  may  be 
either  disseminated  throughout  the  larger  deposits  or  segregated  be- 
hind bars  or  in  hollows  by  the  action  of  gravity.  The  black  sands 
of  many  well-known  localities  represent  concentrations  of  heavy  and 
slightly  alterable  minerals,  such  as  magnetite,  ilmenite,  chromite,  etc. 
Tlie  gem  gravels  of  Ceylon,  the  monazite  sands  of  North  Carolina 
and  Brazil,  and  similar  segregations  of  tinstone  all  serve  as  illustra- 
tions of  the  way  in  which  the  heavier  minerals  of  an  eroded  region 
may  bo  concentrated  at  favorable  points.  The  accumulations  of  gold, 
platinum,  or  iridosmine  in  placer  deposits  are  other  examples  of  this 
mechanical  sorting.  It  is  merely  a  separation  of  heavy  from  light 
minerals,  the  stable  from  the  imstable,  and  the  coarse  from  the  fine. 

There  havo  been  many  examinations  of  sands  from  a  mineralogical 
standpoint,  and  the  fact  that  they  contain  a  large  number  of  mineral 
species  is  well  established.  The  Bagshot  sands  near  London  contain, 
according  to  A.  B.  Dick,*  about  75  per  cent  of  quartz,  20  of  feldspar, 
and  small  but  determinable  proportions  of  magnetic  grains,  zircon, 
rutilo,  and  tourmaline.  In  river  sands  from  the  Mesvrin,  near  Autun, 
Franco,  A.  Michel-L6vy'  found  magnetite,  zircon,  olivine,  garnet, 
sphene,  chromite,  tourmaline,  and  conmdimi.  J.  Thoulet '  examined 
desert  sand  from  the  Algerian  Sahara  which  consisted  of  89.46  per 
cent  of  quartz  and  9.47  of  feldspar,  with  minute  quantities  of  mag- 
netite, chromite,  garnet,  olivine,  amphibole,  pyroxenes,  calciimi  cai'- 
bonate,  sodium  and  {>otassium  chlorides,  and  clay.  In  a  glacial  sand 
from  the  Tyrol,  H.  Wichmann  *  discovered  quartz,  orthoclase,  micas, 
chlorite,  epidoto,  hornblende,  actinolite,  garnet,  zircon,  rutile,  tour- 
maline, hematite,  and  altered  pyrite.     J.  A.  Phillips  •*  found  the  red 

»  Geology  of  I/Ondon,  vol.  1, 1889,  p.  523;  Nature,  vol.  36, 1887,  p.  91. 
2  Bull.  Soc.  min. ,  vol.  1 ,  lg78,  p.  39. 

» Idem,  vol.  4, 1881,  p.  2«2.  '^ 

4  Min.  pet.  Mitt. ,  vol.  7, 1886,  p.  452.    The  list  of  mioerais  found  by  W.  M.  Hutchinga  (GeoL  MttginsM. 
p.  300)  hi  Ensiish  lake  sediments  is  very  similar  to  thie. 
•  Quart.  Jour.  Geol.  Soc.,  vol.  3S,  1882,  p.  110. 
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sands  of  the  Arabian  Desert  to  consist  essentially  of  quartz  grains 
coated  with  oxide  of  iron.  After  washing  with  hydrochloric  acid  the 
grains  c(»itained  98.53  per  cent  of  silica.  Probably  the  most  elab- 
orate investigation  of  tiiis  general  kind  is  that  by  J.  W.  Betgers  ^  on 
the  dune  sands  of  Holland.  In  these  the  principal  minerals  are  quartz, 
garnet,  ougite,  hornblende,  tourmaline,  epidoto^  staurolite,  rutilo, 
zircon,  magnetite,  ilmenite,  orthoclase,  calcite,  and  apatite.  Subor- 
dinate species  are  plagioclase,  microcline,  iohte,  titanite,  sillimanite, 
oUvine,  kyanite,  corundum,  and  spinel.  The  quartz,  however,  formed 
90  to  95  per  cent  of  the  mixture.  A  beach  sand  from  Pensacola, 
Fla.,  analyzed  by  G.  Steiger  in  the  laboratory  of  the  United  States 
Geological  Survey,  contained  99.65  per  cent  of  SiO,.  Many  sea  and 
river  sands  consist  of  nearly  pure  quartz,  pure  enough  to  be  used  in 
glass  making.  The  following  analyses,  by  W.  Mackie,^  represent 
sands  of  diverse  origin  from  various  points  in  Scotland. 

Analyses  of  sands. 
A,  B.  Glacial  sands. 

C.  Average  of  five  riv-cr  sands. 

D.  Seasand. 

£.  Sea  sand  derived  from  subsilicic  igneous  rocks. 
F.  Blown  sand. 
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SILT. 

Between  sand  and  silt  the  difference  is  partly  one  of  kind  and 
partly  one  of  degree.  Silt  consists  of  the  finer  particles  of  rock  sub- 
stance, which,  by  virtue  of  their  lightness,  are  carried  farthest  by 
streams.  This  difference  is  mechanical.  On  the  chemical  side  sand 
and  silt  differ  in  composition,  but  not  radically.     In  sand  quartz  is 

»  N«i«s  Jahrb.,  lS9f>,  vol.  1,  p.  16;  Rec.  trav.  chim.,  vol.  11, 1892,  p.  160. 

*  Trans.  Edinburgh  Geol.  Soc.,  voL»  1901,  p.  60.  On  the  mineraLogical  examination  of  sands  see  also 
C.  n.  Warren,  Tech.  Quart,.  voL  19,  1906,  p.  317.  For  analyses  oi  American  glass  sands  see  BuU. 
U .  S.  Geol.  Survey  No.  315, 1907,  pp.  376,  382.  A  sand  rich  In  fluorite  is  found  at  St.  Ives  Bay,  Cornwall. 
See  T.  Crook  and  G.  M.  Davios,  GeoL  Alag.,  1909,  p.  12a  On  the  composition  of  soil  partidei  see  O.  H. 
FaOyer,,!.  G.  Smith,  and  11.  R.  Wade,  BulL  Bur.  Soils,  No.  54,  U.  S.  Dept.  Agr.,  1908.  On  criteria  for 
tkc  recognition  of  diHerent  types  of  sand  grains  see  W.  H.  Sheixcr,  BaD.  GeoL  Soe.  America,  toI.  Sl«  1810^ 
p.  625.  On  minerals  in  Ohio  sands  see  D.  D.  Condit,  Jour.  Geology,  voL  90,  p.  153»  1912.  On  Soottiah 
sands  see  T.  O.  Bosworth,  Geol.  Mag.,  1912,  p.  515. 


500 


DATA  OF  GEOCHEMISTRY. 


the  principal  mineral;  in  silt  the  hydroxides  and  hydrous  silicates 
predominate.  Neither  product  is  quite  free  from  the  other,  but  the 
distinction  holds  good  in  the  main.  The  separation  of  quartz,  from 
clay  is  rarely  quite  complete,  but  is  often  approximately  so. 

Analyses  of  river  silt  or  mud  are  not  very  numerous,  nor  are  they 
always  comparable.  Some  samples  were  analyzed  after  drying  at 
100*^;  others  were  air  dried.  Furthermore,  silte  represent  blended 
material,  gathered  by  a  river  from  various  sources  and  derived  from 
very  dissimilar  rocks.  Mississippi  silt,  for  instance,  if  collected  near 
New  Orleans,  will  be  made  up  of  contributions  from  various  tribu- 
taries of  the  river,  and  these  may  be  quite  unlike.  A  region  rich  in 
femic  rocks  will  yield  sediments  rich  in  iron,  while  an  area  of  granite 
will  give  aluminous  residues.  Silts,  therefore,  are  by  no  means  uni- 
form in  character,  although  they  have  a  general  family  resemblance. 
The  following  analyses  are  enough  to  show  the  more  obvious  differ- 
ences and  similarities: 

Analyses  o/ silts. 

A.  Rhine  silt,  from  the  delta  in  the  Lake  of  Constance.  Analjrsis  by  G.  Biscfaof,  Lehrbadi  der 
chcmischen  und  physikalischen  Ceologie,  2d  ed.,  vol.  1,  p.  498.  Bischof  gives  other  data  also  concernisg 
Rhine  deposits. 

B.  Danube  silt,  at  Vienna.    Analysis  by  Bischof,  op.  dt.,  512. 

C.  Vistula  silt,  at  Culm.    Analysis  by  Bischof,  op.  cit.,  p.  515. 

D.  Nile  mud.  Analysis  by  C.  v.  John,  Verhandl.  K.-k.  geol.  Rcichsanstalt,  1896»  p.  250.  See  also 
analyses  cited  by  G.  Bischof,  op.  cit.,  pp.  518-521;  and  others  cited.by  L.  Homer,  in  two  memoirs,  Philos. 
Mag.,  4th  ser.,  vol.  9,  1855,  p.  469;  Philos.  Trans.,  vol.  148, 1859,  p.  61.  For  modem  analyses  of  tfJt  from 
the  Danube  and  its  tributaries  see  J.  F.  Wolfbauer,  Monat^.  Chcmie,  vol.  4, 1SS4,  p.  417,  and  A.  Schwager, 
Geognost.  Jahreshcfte,  1893,  p.  87.  F.  Schucht  (Jahrb.  K.  prcuss.  geol.  Landesanstalt,  vol.  25,  p.  443) 
cites  analyses  of  Elbe  silt  by  H.  Siissenguth. 
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100.00 
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49.67 
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1.29 
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23.21 


99.72 


45.10 
15.95 
13.25 


2.64 

4.85 

1.95 

.85 


.34 

6.70 

08.84 


100.47 


a  Loss  on  Ignition. 


b  Probably  Including  alkalies. 


The  higher  proportion  of  calcium  carbonate  in  the  silts  ef.^tfae 
upper  Rhine  and  Danube  is  probably  due  to  glacial  mud  produced 
by  the  grinding  of  limestones. 
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A  much  more  complete  and  significant  analysis  of  silt  is  that  made 
by  G.  Steiger  *  in  the  laboratory  of  the  Survey.  A  composite  of  235 
samples,  collected  by  E.  W.  Shaw  in  the  delta  of  the  Mississippi,  was 
analyzed,  giving  the  composition  of  the  average  contribution  of  the 
silt  by  the  river  to  the  Gulf  of  Mexico.    The  figures  are  as  follows : 


Analysis  of  Mississippi  silt. 
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ZrOj.. 

COj... 

P,0... 

SOa... 

CI 

F 


} 


69.96 

S 

0. 07 

10.52 

Cr-O, 

01 

3.47 

^2 ^^3  •-•••••••••••••• 

VoO, 

02 

»  J-^-r  3.    ................. 

NiO 

017 

1.41 

MnO 

06 

2.17 

BaO 

08 

1.51 

SrO 

Trace. 

2.30 

CuO 

..; 0043 

3.78 

ZnO 

0010 

1.96 

As-0- 

0004 

.59 

^u^v.rQ 

PbO '.. 

. 0002 
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66 
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The  amoxmt  of  sediment  carried  in  suspension  by  rivers  to  the  sea 
is  something  enormous.  The  quantity  delivered  annually  by  the 
Mississippi  to  the  Gulf  of  Mexico  is  estimated  by  A.  A.  Humphreys 
and  H.  L.  Abbot  ^  at  approximately  812,500,000,000  poxmds,  or 
about  370,000,000  metric  tons.  The  Nile,  according  to  A.  Chfilu,' 
carries  into  the  Mediterranean  51,428,500  metric  tons  a  year.  These 
quantities,  vast  as  they  are  and  sustained  by  similar  estimates  for 
many  other  streams,  represent  only  a  part  of  the  transported  sedi- 
ments. The  products  of  rock  decomposition  are  distributed  along 
the  entire  course  of  a  river,  and  what  proportion  is  delivered  to  the 
ocean  no  one  can  say.  The  fraction  can  not  be  very  large.  Upon 
reaching  salt  water,  however,  the  silt  is  quickly  deposited,  and  only 
a  small  part  of  it  is  carried  far  out  to  sea.*  Salts  in  solution  accelerate 
the  deposition  of  sediments,  and  so,  too,  do  acids  and  alkalies.  In 
general,  this  precipitation  is  effected  by  electrolytes,  but  the  explana- 

1  Jour.  Washington  Acad.  Sci.,  vol.  4, 1914,  p.  59.  A  less  complete  analysis  by  C.H.Stone  is  reported  in 
Scietnce,  vol. 32, 1906,  p.  364. 

s  Report  on  physics  and  hydraulics  of  liCIssissippi  River,  1876,  p.  148.  R.  B.  Dole  and  H.  Stab!er  (U.  S. 
Geol.  Survey  Water-Supply  Paper  No.  234,  p.  83, 1909)  estimate  the  total  sediment  carried  to  tidewater 
annually  by  the  rivers  of  the  United  States  as  513,000,000  tons  of  2,000  pounds. 

»  Le  Nil,  le  Soudan, I'fegypte,  1891,  p.  177. 

*  For  a  table  giving  the  amount  of  suspended  sediment  in  sea  water  at  varloos  points,  see  7.  Murray 
and  R.Irvine,  Proc.  Roy.  Soc.  Edinburgh,  vol.  18, 1890-01,  p.  229.  The  Atlantic,  for  example,  in  latitude 
51*20'  N. ,  longitude  3l'W.,  carries  0.0052  gram  of  sediment  in  Hliters,  or  1,604  tons  per  cubic  mile.  In 
the  Firth  of  Forth  the  quantity  rises  Co  0.0259  gram,  andin  the  Red  Seait  falls  to  0.0006. 


502  DATA  OF  GEOCHEMISTBY. 

tion  of  the  pheaomeaon  is  HtiU  obscure.^    Colloid  substances  also 
I  promote  sedimentation,  a  fact  which  has  many  practical  applications. 
/  The  clearing  of  coffee  by  white  of  egg  or  the  fining  of  simps  by  blood 
V  or  gelatin  is  a  phenomenon  of  the  most  familiar  kind.     W.  Spring  ' 
f     has  shown  that  the  organic  matter  of  natural  waters  is  incompatiUe 
f ,    with  iron,  the  two  substances  separating  out  as  a  floccxilent  precipi- 
/     tatc.    One  part  of  colloidal  ferric  oxide  will  remove  ten  parts  of 
himius  from  solution.     The  use  of  alum  or  iron  salts  in  large  filtration 
plants  is  an  application  of  this  principle.     These  salts  hydrolyse, 
forming  partly  colloidal  substances.     The  organic  matter  or  humus 
of  natural  waters  is  itself  colloidal.    Tlie  two  form  a  flocculent  pre- 
cipitate which  quickly  subsides  and  carries  down  with  it,  mechanically 
inclosed,  even  the  finest  sediments.    The  remarkable  clearness  of 
syranip  watera  is  perhaps  due  to  the  flocculation  of  tlieir  organic  mat- 
ter and  the  consequent  precipitation  of  all  suspended  particles.    Sedi* 
mentation,  in  short,  is  a  complex  phenomenon,  and  several  distinct 
agencies  Lssist  in  bringing  it  about. 

GIxACIAIi  AND  RESIDUAIi  CIiAYS. 

Between  the  silt  formed  by  the  decay  of  rocks  and  that  produced 
by  glaciers  there  is  a  radical  distinction.  The  one  is  termed  by 
T.  C.  Chamberlin  and  R.  D.  Salisbury'  rock  rot;  the  other  is  rock 
flour.  One  has  been  produced  by  a  thorough  leaching  of  the  rocks 
under  atmospheric  agencies;  but  glacial  mud  is  composed  of  material 
which  was  ground  to  powder  under  conditions  that  protected  it  in 
some  measure  from  the  oxygen  and  carbonic  acid  of  the  air.  The 
latter,  therefore,  has  retained  a  larger  proportion  of  soluble  matter 
than  the  former.  Those  differences  appear  in  the  following  analyses, 
made  by  Riggs  in  the  laboratory  of  the  United  States  Geological 
Survey,  and  cited  by  Chamberlin  and  Salisbury  in  the  memoir 
mentioned  above.  With  them  I  give  two  analjrses  by  W.  Mackie^ 
of  boulder  clay  from  Scottish  localities. 

» See  C.  Schldsing,  Compt.  Rend.,  vol.  70, 1870,  p.  1345;  W.  U.  Brewer,  Am.  Jour.  Sci.,3d  ser.,  vol.  29, 
lg8S,p.  1;  C.  Barus,  BolI.U.  8.  Oeol.Sorvey  No. 36, 1886;  Banisand  E.  A.  Schneider, Zettschr.physlkaL 
Chemie,  vol.  8, 1891,  p.  285;  W.  Spring,  Rec.  trav.  chim.  ,yol.  19, 1900,  p.  204;  and  O.  Bodlaoder,  Neaes 
Jahrb. ,  1903,  Band  2,  p.  147.  See  al^  T.  S.  Hunt,  Proc.  Boston  Soc.  Nat.  Hist.,  vol.  16, 1874,  p.  302;  W. 
Ramsay, Quart.  Jour.  Geol.  Soc., vol. 32, 1876,  p.  129;  J.  Jolj,  rroc.  Roy.  Dublin  Soe., vd1.9,  1900, p. 9tk 
L.  F.  Vemon-Harcourt,  Proc.  Inst.  Civ.  Eng.,  vol.  142, 1900,  p.  272;  and  J.  Tboulet,  Annales  des  mioM, 
8thser.,vol.l9,189I,p.  5. 

«  Bull.  Acad.  roy.  scl.  Belglque,  3d  ser.,  vol.  34, 1897,  p.  578. 

» Sixth  Ann.  Rept.  U.  S.  Geol.  Survey,  1885,  pp.  249-250.  According  to  8.  Weldman  (private  oommuni- 
cation)  the  clay  from  Dodgcville  is  really  locssial,  and  tho  two  trom  Milwaukee  are  lacustiiDe.  AocurmU 
diagnosis  api)ears  to  be  difllcult. 

<  Trans.  Edinburgh  Geol.  Soc.,  vol.  8, 1901,  p.  GO. 

»t?  aJJo- 
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Analyses  of  clay, 

(1)  Residuary  clays,  dried  at  100*: 

A.  From  Dodge villc,  Wisconsin,  4}  feet  below  surface. 
D.  The  same,  8^  feet  below  surface. 

C.  From  Cobb,  "Wisconsin,  4J  feet  b^low  surface. 

D.  The  same,  8 J  feet  below  surface. 

(2)  Glacial  or  drift  clays: 

E.  F.  From  Milwaukee.    Dried  at  lOO*. 
G,  U.  Scottish  boulder  clays,  Mackie. 


SiO... 
Ala02. 

FeA 
FeO.. 

MgO. 

CaO.. 

Na.0. 


TiO, 

PA 

Mn6 

CO2 

Organic  <?. 

SO3 

01 


n 


71.13 

49.59 

49.13 

12.50 

18.64 

20.08 

5.52 

17.19 

11.04 

.45 

.^7 

.93 

.38 

.73 

1.92 

.85 

.93 

1.22 

2.19 

.80 

1.33 

1.61 

.93 

1.60 

4.G3 

10.46 

11.72 

.45 

.28 

.13 

.02 

.03 

.04 

.04 

.01 

.06 

.43 

.30 

.39 

.19 

.34 

1.09 

c 


53.09 

21.43 

8.53 

.86 

1.43 

.95 

1.45 

.83 

10.79 

.16 

.03 

.03 

.29 
09 


100.  39  '100.  50  100.  68 


100.09 


K 


40.22 

8.47 

2.83 

.48 

7.80 

15.65 

.84 

2.36 

1.95 

.35 

.05 

Trace. 

18.76 

.32 

.13 

.06 


48.81 

7.54 

2.53 

.65 

7.05 

11.83 

.92 

60 

02 

.45 

.13 

.03 

15.47 

.38 

.05 

.04 


2. 
2. 


O 


80.13 
9.06 

2.44 


} 


.50 

.72 

.66 

2.08 

«4. 11 


14 


100.27 


100.50 


99.84 


n 


} 


74.89 
12.22 

4.29 

.07 

1.58 

1.06 

2.64 

«3.21 


.07 
.17 


100.20 


1  Ivoss  on  ignition.    Must  include  CO^  and  organic  raaltcr. 

In  the  two  Wisconsin  clays  the  carbonates  represent  magnesian 
limestone.  The  Scottish  clays  had  evidently  a  different  parentage. 
Glacial  clays  often  contain  carbonates^  which  are  rarely  conspicu- 
ous in  rock  residues.^     Even  residual  soils  derived  from  the  decay  of 

1  Innumerable  analyses  of  clays  and  soils  have  been  made  for  agricultural  and  other  industrial  purposes. 
Several  .States  have  issued  special  reports  upon  their  clay  industries.  Among  the  reports  of  geological 
surveys  are  those  of  Connecticut,  Bull.  No.  4, 1905,  Q.  F.  LoughUn;  New  Jei^y,  1878,  G.  U.  C-ook;  New 
Jersey,  vol.  6, 1901,  1!.  Ries  and  II.  B.  Kummel;  Maryland,  vol.  4,  pp.  203-503,  Rics;  Virginia,  Bull.  No. 
11, 1906,  Ries;  West  Virgima,  vol.  3, 1905,  G.  P.  Grlmsley;  Sooth  Carolina,  Bull.  No.  1, 4th  ser.,  1904,  E. 
Sloan;  Georgia,  Bull.  No.  C  A,  1888,  G.  E.  I^add;  Alabama,  Bull.  No.  6, 1900,  Rics;  Wisconsin,  Bull.  No. 
7, 1901,  E.  R.  Buckley;  Missouri,  vol.  11, 1896,  IT.  A  Wheeler;  Indiana,  Twenty-ninth  Ann.  Rept.,  1905, 
W.  S.  Blatchley;  Iowa,  vol.  11, 1904, 8.  W.  Beyer  and  I.  A.  Williams;  Wisconsin,  Bull.  No.  15, 1S06,  Rics. 
See  also  the  volumes  on  chemical  analyse  published  by  the  geological  surveys  of  Pennsylvania  and  Ken- 
tucky; Bull.  New  York  State  Mus.,  vol.  3,  No.  12, 1895,  Ries;  and  Bull.  U.  S.  Geol.  Survey  No.  228,  pp. 
351-370.  Rics,  Sixteenth  Ann.  Rept.  U.  S.  Geol.  Survey,  1896,  pp.  554-574,  gives  a  long  table  of  analyses 
of  American  clays,  and  a  general  report  by  Ries  forms  Prof.  Paper  11  of  the  Survey,  1909.  Bull.  U.  S. 
Geol.  Survey  No.  1 13,  1896,  by  J.  C.  Branner,  is  a  bibliography  of  clays  and  ceramics.  The  American 
Ceromic  Society  has  since  (1906)  published  a  more  elaborate  bibliography  by  the  same  author.  Ocolqgy 
of  North  Carolina,  vol.  1, 1875,  contains  much  more  material  on  soils,  and  so,  too,  do  the  volumes  on  cotton 
production  published  by  the  Tenth  U.  S.  Census.  The  literature  regarding  soils  is  too  vohmiinous  to 
admit  of  any  summary  here.  ICodem  papers  of  interest  are  those  by  N.  Sibirtzew,  Compt.  Rend.  VII 
Cong,  internat.  guol.,  1897,  p.  73,  on  the  soils  of  Russia,  and  by  W.  Frear  and  C.  P.  Beistle,  Jour.  Am. 
Cliem.  See.,  vol.  2r>,  190:),  p.  5.  -Work  by  Schl5sing  and  Van  Bemmelen  on  tropical  soils  has  already  been 
elted.  W.  Maxwell  (Lavas  and  soils  of  the  Hawaiian  Islands,  Honoluhi,  1806)  and  A.  B.  Lyons  (Am. 
Jour.  ScL,  4th  ser.,  vol.  2, 1896,  p.  421)  have  also  contributed  to  this  phase  of  the  subject.  On  the  consti* 
tntion  of  arable  soils  sec  L.  Cayeux,  Ann.  Soc.  gtol.  du  Nord,  voL  34, 1905,  p.  146.  On  the  origin  and  nature 
Olsoils  see  N.  S.  Slialcr,  Twelfth  Ann.  Rept.  U.  S.  GeoL  Survey,  pt.  1, 1891,  p.  219.  On  fuller's  earth  see 
T.  W.  Vauglian,  Bull.  U.  S.  Geol.  Survey  No.  213, 1903,  p.  392,  and  J.  T.  Porter,  BulL  Na  315, 1907,  p.  268 
Oo  soils  in  general  see  K.  W.  Uilgard  's  treatise, ' '  Soils, ' '  published  in  1906. 
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limestones  are  practically  free  from  carbonates,  as  the  subjoined 
analyses  show.  The  residues  are  merely  clay  or  silt  entangled  with 
the  limestone  when  the  latter  was  laid  down  and  released  by  its 

solution. 

Analysts  of  residual  clays. 

A.  Residual  clay  from  so-called  Trenton  limestone,  l.exinffton,  Virgiaia.  Analysis  by  R.  B.  Riggs. 
Described  by  I.  C.  Russell,  IJull.  U.  S.  <;eol.  Survey  Xo.  52,  l^o».  Russell  especially  discusses  the  cause 
of  red  coloration  in  clays.  On  this  subject  sec  also  W.  O.  Crrjshy,  Am.  <^cologi:»t,  vol.  8, 1S91,  p.  72;  and 
W.  Spring,  Rec.  trav.  clilm.,  vol.  17,  lSfl8,  p.  202. 

B.  R^<Iual  clay  frwn  limestone,  Staunton,  Virginia.    Analysis  by  Georpe  Steiger,  U.  8.  Ge<rf.  Survey. 

C.  Ri^i'Jual  clay  from  Knox  dolomite,  Morrisville,  Alabama.  Analysis  by  W.  F.  Iltllebrand.  I>escnb«d 
by  Russell,  op.  cit. 
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LOESS. 

In  its  chemical  composition,  the  widespread  earthy  deposit  known 
as  loess  closely  resembles  the  glacial  clays.  It  commonly,  but  not 
invariably,  contains  much  calcium  carbonate,  and  the  same  is  true 
of  the  related  or  perhaps  identical  adobe  soil  of  the  more  arid  regions 
in  our  Western  States.  The  more  striking  peculiarities  of  the  loess 
are  its  light  color,  its  extremely  fine  state  of  subdivision,  the  angular- 
ity of  its  particles,  its  lack  of  stratification,  its  coherence,  and  its 
porosity.  Furthermore,  the  fossils  found  in  loess  are  almost  without 
exception  the  remains  of  land  animals,  which  indicate  that  it  can  not 
be  a  deposit  from  permanent  waters. 

Over  the  origin  of  loess  there  has  been  much  controversy,  but  the 
subject  is  one  that  admits  of  only  the  briefest  summary  here.  The 
prevalent  view  is  essentially  that  of  F.  Richthofen,*  who  interprets 
the  loess  of  China  as  an  eolian  formation.  In  the  arid  regions  of 
central  Asia  the  products  of  rock  disintegration  are  sorted  by  the 
winds,  and  the  finest  blown  dust  finally  comes  to  rest  where  it  is 

>  China,  vol.  1,  p.  74;  Geol.  Mag.,  1882,  p.  297.  See  also  R.  Pumpelly ,  Am.  Jour.  Sd.,  8d  ser.,  voL  17, 1879^ 
p.  133.  For  anal3rses  of  Chinese  loess  see  A.  Schwaget,  Goognost.  Jahreshefte,  18M,  p.  87.  For  Qerman 
loess,  II.  G.  Schering,  Inaug.  Diss.,  Freiburg,  1009.  For  South  American  loess,  E.  H.  Ducloux,  Rev. 
Museo  de  la  Plata,  vol.  15,  1908,  p.  162.  The  loess  of  Argentina  has  been  studied  by  P.  Werling,  Inaug. 
^ias.,  Freiburg,  1911.    Other  analyses  of  loess  are  to  be  found  in  the  older  treatises  of  Bischof  and  Roth. 
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entangled  and  protected  by  the  grasses  of  the  steppes.  Temporary 
streams,  formed  by  torrential  rains,  assist  in  its  concentration  and 
bring  about  accumulations  of  loess  in  valleys  and  other  depressions 
of  the  land.  According  to  I.  C.  Russell,*  the  adobe  of  the  Great 
Basin  is  formed  essentially  in  this  way,  and  the  sediments  deposited 
in  the  so-called  ''playa"  lakes,  whose  beds  are  dry  during  a  great 
portion  of  the  year,  consist  of  this  material.  The  adobe  contains  the 
finer  products  formed  by  subaerial  erosion  of  the  moimtain  slopes, 
and  may  be  commingled  sometimes  with  dust  of  volcanic  origin. .  The 
loess  of  the  Missouri  and  upper  Mississippi  valleys  is  given  nearly  the 
same  interpretation  by  C.  R.  Keyes,'  only  in  this  case  the  dust  is 
formed  from  river  silt  left  on  the  dried  mud  banks  in  times  of  low 
water. 

The  loess  of  Iowa  is  regarded  by  W  J  McGee  ^  as  a  glacial  silt, 
deposited  along  the  margins  of  glaciers  during  the  glacial  period. 
W.  F.  Hume,*  studying  the  Russian  loess,  described  that  also  as 
glacial  silt,  distributed  partly  by  winds  and  partly  by  floods.  C. 
Davison '  considers  loess  to  be  a  product  of  glacial  erosion,  accumu- 
lated fii*st  in  banks  of  snow  and  concentrated  later  in  the  valleys  by 
the  rush  of  water  following  a  thaw.  T.  C.  Chamberlin  •  is  inclined 
to  combine  the  various  theories  concerning  loess  and  to  regard  it  as 
both  glacial  and  eolian.  Here,  again,  as  in  so  many  other  instances, 
we  must  remember  that  similar  products  may  be  formed  in  several 
diflFcrent  ways.  The  loess  of  China  may  be  one  thing  and  that  of  the 
Mississippi  Valley  another.  They  are  alike  in  their  extreme  com- 
minution but  not  necessarily  identical  in  origin. 

A  microscopic  examination  of  loess  from  Muscatine,  Iowa,  by  J.  S. 
Diller,^  showed  that  quartz  was  its  most  abimdant  constituent. 
Orthoclase,  plagioclase,  and  hornblende  were  also  present,  with  occa- 
sional fragments  of  biotite  and  tourmaline,  some  carbonates,  and  clay 
colored  by  oxide  of  iron.  The  following  analyses  were  made  in  the 
laboratory  of  the  United  States  Geological  Survey:' 

J  Oeol.  Mag.,  1889,  pp.  289,  342. 

a  Am.  Jour.  Sci.,  4th  ser.,  vol.  6,  1898,  p.  299.  Keyes  describes  the  dust  storms  of  the  Missouri  Valley, 
in  which  great  quantities  of  aerial  sediments  are  carried  from  place  to  place. 

«  Eleventh  Ann.  Kept.  U.  S.  Geol.  Survey,  pt.  1,  1891,  pp.  291,  435.  See  also  F.  Levcrett,  Mon.  U.  S. 
Geol.  Survey,  vol.  38, 1899,  pp.  153-184,  for  an  account  of  lowan  loess.  The  loess  of  Colorado  is  described  by 
8.  F.  Emmons  in  Mon.  U.  S.  rjcol.  Survey,  vol.  27, 1896,  p.  203. 

<Ocol.  Mag.,lS92,  p.  549. 

6  Quart.  Jour.  Geol.  Soc.,  vol.  50,  1894,  p.  472. 

«  Jour.  Geology,  vol.  5,  1897,  p.  795.  Sec  also  T.  ('.  Chamberlin  and  R.  D.  Salisbury,  Sixth  Ann.  Rept. 
U.  S.  Geol.  Survey,  1885,  p.  250. 

»  Bull.  U.  S.  Geol.  Survey  No.  150,  1898,  p.  65. 

»  For  analyses  of  Nebraska  loess  see  F.  J.  Alway  and  his  associates,  Soil  Science,  vol.  1, 1916,  pp.  197-436, 
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Analy^fH  of  loess. 

A.  Near  Galena,  lUinois. 

B.  Near  IHibuque,  Iowa. 

C.  Vicksburg,  Mississippi. 

D.  Kansas  City,  MisBOuri.    Analyses  A  to  D  by  R.  B.  Riggs.    Discoased  by  T.  C.  ChamberUn  and  B.  D. 
Salisbory,  Sixth  Ann.  Rept .  U.  S.  Geol.  Sizr\'ey,  1883,  p.  282.    Samples  dried  at  100*. 

E.  Choycnnc,  Wyoming. 

F.  Denver,  Colorado. 

G.  Uigliland,  Colorado.    Analyses  E  to  G  by  L.  G.  Eakins.    Discussed  by  S.  F.  Emmons,  Moo.  U.  & 
Geol.  Survey,  vol.  27, 1896,  p.  2C3,  together  wiUi  several  other  samples. 


SiO, 

AiPs 

FoA... 

Feb 

MnO 

MgO 

CaO 

NajO 

KjO 

H,0 

TiOj 

ISi:.::: 

C,  organic 

SO3 

CI 


64.61 

10.64 

2.61 

.51 

.05 

3.69 

5.41 

1.35 

2.06 

2.05 

.40 

.06 

6.31 

.13 

.11 

.07 


100.06 


B 


I 


72.68 

12.03 

3.53 

.  96 

.06 

1.11 

1.59 

1.68 

2.13 

2.50 

.72 

.23 

.39 

.09 

.51 

.01 


100.22 


60.69 

7.95 

2.61 

.67 

.12 

4.56 

8.96 

1.17 

1.06 

1.14 

.52 

.13 

9.63 

.19 

.12 

.08 


99.62 


D 


74.46 

12.26 

3.25 

.12 

.02 

1.12 

1.69 

1.43 

1.83 

2.70 

.14 

.09 

.49 

.12 

.06 

.05 


R 


F 


67.10 

10.26 

2.52 

.31 


1.24 
5.88 
1.42 
2.68 
5.09 


.11 
3.67 


99.83 


100.28 


69.27 
13.51 
3.74 
1.02 
Trace. 
1.09 
2.29 
1.70 
3.14 
4.19 


.45 
Trace. 


60.97 

15.67 

6.22 

.35 

Trace. 

1.60 

2.77 

.97 

2.28 

9.83 


.19 
.31 


100. 40       100. 16 


The  following  analyses  of  adobe  soil  were  made  in  the  laboratory  of 
the  United  States  Geological  Survey,  by  L.  G.  Eakins. 


Analyses  0/ adobe  soil. 


A.  Salt  Lake  City,  Utah. 

B.  Santa  Fe,  New  Me3(ioo. 


C.  Fort  Wingate,  New  Mexico. 

D.  Humboldt,  Nevada. 


SiO^ 

AlA 

FeP, 

MnO 

MgO 

CaO 

Na-O 

K,6 

H,0 

Ibt:.::::::: 

Oi]ranic  matter 

SO3 

CI 


A 

n 

19.24 

66.69 

3.26 

14.16 

1.09 

4.38 

Trace. 

.09 

2.75 

1.28 

38.94 

2.49 

Trace. 

,67 

Trace. 

1.21 

1.67 

4.94 

.23 

.29 

29.57 

.77 

2.96 

2.00 

.53 

.41 

.11 

.34 

100.  35 

99.72 

26.67 

.91 

.64 

Trace. 

.51 

36.40 

Trace. 

Trace. 

2.26 

.75 

25.84 

5.10 

.82 

.07 


99.97 


44.64 

13.19 

5.12 

•   .13 

2.96 

13.91 

.59 

1.71 

3.89 

.94 

a55 

3.43 

.64 

.14 


99.84 


The  extremely  variable  but  generally  calcareous  nature  of  these 
soils  is  sufficiently  indicated. 
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MARINE  SEDIMENTS. 

The  oceanic  sediments  are  naturally  complex,  for  they  are  derived 
from  the  most  varied  sources.  Near  shore  are  f oimd  the  products  of 
wave  erosion,  the  silt  brought  in  by  streams,  remnants  of  shells  and 
corals,  and  organic  matter  from  seaweeds.  In  some  localities,  as 
aroimd  coral  islands,  the  debris  consists  chiefly  of  calcium  carbonate, 
and  that  compound,  as  shown  in  a  previous  chapter,*  is  also  formed 
as  a  chemical  precipitate. 

Floating  ice,  the  remnants  of  polar  glaciers,  deposits  more  or  less 
stony  material  in  the  warmer  parts  of  the  ocean;  and  volcanic  ash, 
from  cither  submarine  or  subaerial  eruptions,  covers  large  areas  on 
the  bottom  of  the  sea.  Even  cosmic  dust,  which  has  been  gently  fall-* 
ing  throughout  all  geologic  time,  has  made  perceptible  contributions 
to  the  great  mass  of  oceanic  sediments.^ 

Notwithstanding  the  diversity  of  these  deposits,  their  distribution 
is  not  entirely  fortuitous.  River  silt,  for  example,  is  an  important 
oceanic  sediment  only  in  a  belt  surroimding  the  continents  and  com- 
paratively near  shore.  In  relatively  small  amounts  it  is  diffused 
through  all  paits  of  the  ocean,  but  beyond  a  certain  limit  its  influence 
is  small.  The  yellow  silt  of  the  Chinese  Sea,  worn  by  the  Chinese 
rivers  from  erosion  of  the  loess,  may  be  observed  as  much  as  a  hun- 
dred mUes  from  land,"  and  the  tui'bidity  of  the  Amazon  is  evident  in 
the  ocean  at  still  greater  distances;  but  the  larger  part  of  the  deposits 
thus  formed  are  laid  down  in  relatively  shallow  water.  Glacial 
debris,  of  course,  occurs  only  near  glaciers  and  along  the  tracks  fol- 
lowed by  icebergs.  Certain  oceanic  areas  are  characterized  by  sedi- 
ments of  organic  origin;  and  in  the  deepest  abysses  of  the  ocean  its 
floor  is  covered  by  a  characteristic  red  clay.  These  vai'ied  deposits 
shade  into  one  another  through  all  manner  of  blendings,  and  yet 
they  are  distinct  enough  for  purposes  of  classification. 

In  their  great  volume  upon  Deep-sea  deposits,  Murray  and  Renard  * 
adopt  a  classification  which  is  perhaps  as  good  as  any  yet  devised. 
The  following  table  shows  its  character  and  also  the  distribution  in 

depth  and  area  of  the  several  sediments  named: 

_^ — ^— — ~ 

»  See  p.  127,  ante. 

» See  J.  Murray  and  A.  Renard,  Proc.  Roy.  Soc.  Edinburgh,  vol.  12, 1883-B4,  p.  474. 

«  R.  Pntnpelly,  Am.  Jonr.  Sd.,  3d  ser.,  rol.  17, 1879,  p.  133. 

«  Challenger  Rept.,  Deep^ea  deposits,  1891,  table  on  p.  248. 
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Mean  depth  and  area  coiyered  by  marine  sediments. 


TorrigcnouB  deposits,  near  land ^ 


Littoral  do})08ita  (between  tide  marks) 

Shallow-water  dcpoeita  (low  water  to  100  fathoms) 

(Coral  mud 

Coral  sand 

Volcanic  mud 

Volcanic  sand.... 

Green  mud 

Green  sand 

Red  mud 

Blue  mud 

fPteropod  ooze . 

Pelagic  dcpodts.  deep  water,  far  fn>'«JgiS^*e'~'f  J ; 

Ra<liolarian  ooze. . 


land. 


Red  clay. 


Mean  depth, 
fathoms. 


740 

176 

1,033 

243 

513 

449 

623 

1,411 

1,044 

1,996 

1,477 

2,894 

2,730 


Area,  soiiare 
miles. 


62,500 
10,000,000 

2, 556, 800 
600,000 

850,000 

100,000 
14, 500, 000 

400,000 

49, 520, 000 

10, 880, 000 

2,290,000 

51, 500. 000 


For  these  various  products  many  analyses  are  given,  and  from 
among  them  a  few  may  be  cited  here.  The  red  clay  which  covers  the 
largest  areas  is  regarded  by  Murray  and  Renard  as  derived  from  the 
decomposition  of  volcanic  ejectamenta.  The  several  oozes  owe  their 
names  to  the  remains  of  living  creatures  which  they  contain,  and 
calcium  carbonate  is  one  of  their  important  constituents.  The  dis- 
tribution of  calcium  carbonate  according  to  depth  is  discussed  in 
another  chapter  *  of  this  work,  together  with  the  composition  of  the 
peculiar  manganese  and  phosphatic  nodules  which  are  often  foimd 
in  great  numbers  in  the  deeper  parts  of  the  sea. 

Analyses  of  marine  scdhnents, 

A.  Red  clay.  Twenty-three  analyses  by  J.  S.  Brazier  are  tabulated  on  page  198  of  Deep-sea  deposits, 
and  there  is  a  discrimination  between  the  portions  soluble  and  insoluble  in  hydrochloric  acid.  Some  of. 
these  analyses  show  calcium  carbonate  up  to  60  per  cent;  the  one  selected  here,  as  representing  a  more 
typical  clay,  contains  the  minimum  of  carbonate. 

B.  Radiolarian  ooze.    Rich  in  siliceous  organisms.    Analysis  by  Brader,  page  436. 

C.  Diatom  oote.    Rich  in  siliceous  organisms.    Analysis  by  Brazier,  page  436. 

D.  Globigerina  ooze.    Twenty-one  analyses  are  given  on  page  219.    Analysis  by  Brazier,  Ko.  42,  showing 
low  calcium  carbonate. 

E.  Globigerina  ooze.    Analysis  by  Brazier,  No.  53,  showing  very  high  carljonate. 

F.  rteropod  ooze.    Analysis  by  Brazier,  page  448. 


A 

B 

c 

D 

E 

F 

Ifiniition 

4.50 

62. 10 

1(3.06 

11.83 

.55 

.28 

.50 

.92 

.19 

,37 

2.70 

7.41 

56.02 

10.52 

14.99 

3.23 

.29 

,25 

3.89 

1.39 

.41 

1.50 

5.30 

67.92 

.55 

.39 

"i9.'29* 

.41 

.29 

1.13 

4.72 

7.90 

31.71 

11.10 

7.03 

Trace. 

.41 

.12 

37.51 

2.80 

.29 

1.13 

1.40 

1.36 

.65 

.60 

2.00 

SiO, 

3.65 

AlA 

.80 

FeoO. 

S.06 

MnO, 

CaO 

MeO 

CaCO, 

92.54 

.90 

.19 

.87 

1.49 

82.66 

Ca.P.0 

2.44 

casd, .....:: 

.73 

MeCOo 

.76 

iDsoluble^ 

3.90 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

o  Contains  silica,  alumina,  and  ferric  oxide,  not  separated. 


» Chapter  IV,  p.  129,  ante. 
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Analyses  of  marine  sediments — Continued. 

0.  Blue  mud.    Analysis  by  Brazier,  page  448. 

II.  Red  mud.    Analysis  by  M,  Ilornung,  page  445.    Dried  at  100*. 

1.  Oreen  mud.  Analysis  by  Brazier,  page  449. 
J.  Green  sand.  Analysis  by  Brazier,  page  449. 
K.  Volcanic  mud.    Analysis  by  Brazier,  page  450. 

All  samples  dried  at  110**  previous  to  analysis.  The  soluble  and  insoluble  portions  in  analyses  A,  B,  and 
D  are  not  separated  in  the  following  table. 

Analyses  G  to  K  represent  "terrigenous"  deposits.  Brazier's  samples  were  all  dried  at  110®.  The  soluble 
and  insoluble  portions  are  here  united. 

See  also  J.  B.  Harrison  and  A.  J.  Jukes  Broven,  Quart.  Jour.  Geol.  8oc.,  vol.  61,  1895,  p.  313,  fw  other 
analyses  of  red  clay  and  oceanic  oozes.  For  14  recent  analyses  of  red  clay,  see  W.  A.  Caspar!,  Proc.  Roy. 
Soc.  Edinburgh,  vol.  30,  1010,  p.  183. 


Ignition 


SiOg. . 

FejOa. 

MnOo. 

CaO.. 

MgO. 

Na,0. 


K 


CaCO,. 

COj.... 
CI 


Les8  0=Cl 


G 


5.60 
64,20 
13.55 

8.38 


2.51 
.25 


2.94 

1.39 

.42 

.76 


100.00 


H 


6.02 

31.66 

9.21 

4.52 


25.68 
2.07 
1.63 
1.33 


.27 

17.13 

2.46 


101.08 
.87 


101. 11 


3.30 
31.27 

4.08 
12.72 


.30 
.12 


46.36 
.70 

.58 
.57 


100.00 


9.10 

29.70 

3.26 

5.05 


.22 
.13 


49.46 

Trace. 

1.07 

2.02 


100.00 


6.22 

34.12 

9.22 

15.46 

Trace. 

1.44 

.22 


32.22 

Trace. 

.27 

.83 


100.00 


These  analyses  serve  well  enough  to  show  the  variable  character 
of  the  oceanic  sediments,  but  they  are  in  several  respects  incomplete. 
In  order  to  determine  the  composition  of  the  oceanic  clays  more 
minutely,  two  analyses  have  been  made  in  the  laboratory  of  the 
United  States  Geological  Survey  upon  material  kindly  furnished  by 
Sir  John  Murray.  The  samples  analyzed  were  composites  of  many 
individual  specimens,  brought  together  from  all  of  the  great  oceans 
and  collected  partly  by  the  Challenger  and  partly  by  other  expeditions. 
The  data  are  as  follows,  reduced  to  uniformity  by  rejection  of  sea 
salts,  calcium  carbonate,  and  hygroscopic  water,  and  recalculation 
of  the  remainder  to  100  per  cent. 
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Analyses  (if  eomposiU  samples  of  marine  clays. 

A.  Composite  of  lUty-ono  samples  of  the  "red  clay."    Analyzed  by  G.  Stelfer,  with  apeoial  detenniBA- 
tions  by  W.  F.  IlUlcbrand  and  E.  C.  Sullivan. 

B.  Composite  of  fifty-two  samples  of  "terrigenous  clays/'  namely,  four  "greon  muds*'  and  forty-dg^t 
'*  blue  muds. "    Analysis  by  O.  Steiger. 


SiOa 

TiOy. 

AI2O3 

Cr,03 

Fe^C  >3 

FoO 

NiO,  CoO. 

MnO 

MnO,.... 

MgO 

(*> 

SfO 

BaO 

K/) 

Naj.0 

AS,di;*.v. 

MoO, 

l±:::: 

CuO 

PbO 

ZnO 

C 

HjO 


54.48 
.98 

15.94 
.012 
o.  66 
.84 
.039 


1.21 
3.31 
L96 
.056 
.20 
2.85 
2.05 
.035 
.001 
Trace. 
.30 


.024 
.008 
.005 


7.04 


100.000 


57.05 

1.27 

17.22 

.05 

5.07 

2.30 

.0630 

.12 

2,17 
2.04 

.OS 

.06 
2.25 
1.05 

.03 
Trace. 

.21 

.13 

.0160 

.0004 

.0070 

1.69 

7.17 


99.9964 


These  figures  give  the  average  composition  of  the  two  oceanic  sedi- 
mentPand  show  the  distribution  in  them  of  the  minor  and  rarer  con- 
stituents. Even  these  analyses  need  to  be  supplemented  by  others,  of 
which  many  can  be  found  scattered  through  the  literature  of  ocean- 
ography.* The  data  are  abundant,  but  their  value  upon  the  purdy 
chemical  side  is  very  uneven.  Few  conclusions  can  be  deduced  from 
them.  J.  Y.  Buchanan,^  who  foimd  free  sulphur  in  a  number  of 
marine  muds,  thinks  that  sulphates  were  reduced  to  sulphides  by 
passing  through  the  digestive  organs  of  marine  groimd  fauna,  and 
oints  out  that  matter  at  the  bottom  of  the  sea  is  subject  also  to 
xidation  by  dissolved  oxygen.     When  oxidation  is  in  excess  of 


1  Sec,  for  example,  K.  Natterer,  on  Mediterranean  muds,  Monatsh.  Cbemie,  vol.  14,  ISKl,  p.  tM;  roL  IB, 
18W,  p.  530;  also  upon  Red  Sea  deposits,  idem,  vol.  20,  1899,  p.  1.  L.  Schmelck  (Den  Norske-Nordhavs 
Expedition,  pt.  9)  gives  many  analyses  of  marine  clays.  J.  Y.  Buchanan  (Proc.  Roy.  Soc.  Edinburgh, 
vol.  18, 1890-91 ,  p.  131)  reports  partial  analyses  of  Mediterranean  samples.  A.  and  H.  Strecker  (Lieb!g*8 
Annalen,  vol.  93, 1855,  p.  177)  describe  a  peculiar  mud  from  the  Sandefjord,  Norway.  A  later  study  of  the 
samo  substance  was  pubUshod  by  E .  B5dtker  (Liebig's  Annalen,  vol.  302, 1898,  p.  43).  For  a  bibUogrs^Jr 
of  oceanic  sedimentation  see  K.  Andree,  Geol.  Rundschau,  vol.  3,  p.  324, 1912.  '"-'' 

«  Troc.  Roy.  Soc.  Edinburgh,  vol.  18, 1890-91,  p.  17.  '    ^ 
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Tedoctioa  Fed  Bediaaents  are  fonaed;  if  tlie  jeducii^  process  prepon- 
derates, the  sediments  are  Uue.  In  the  Black  Sea,  accordhig  to  N. 
Androussow/  the  sulphates  contamed  in  tlie  water  are  also  partly 
leduced  hy  micro-organisms,  which  liberate  hydrogen  snlj^de.  A 
portion  oi  this  gas  is  reoxidized,  with  some  liberaticm  of  sulphur; 
another  part  takes  up  iron  from  the  sediments  and  forms  abundant 
deposits  of  pyrites. 

The  cabareous  oozes  obviously  represent  calcium  carbonate 
absorbed  by  living  organisms  from  its  solution  in  sea  water  and  depos- 
ited with  their  remains  after  death.  It  ther^ore  owes  its  or^in  to 
rock  decomposition,  dining  which  the  lime  was  removed  to  be  carried 
in  solution  by  rivers  to  the  sea.  The  siliceous  oozes  were  formed  in 
a  similar  manner  by  radiolarians  and  diatoms,  which,  as  J*  Murray 
and  K.  Irvine  ^  have  shown,  are  able  to  decompose  the  suspended 
particles  of  clay  that  reach  the  ocean  and  to  assimilate  their  silica* 
A  slimy  mass  of  siliceous  alge  analyzed  by  Murray  and  Irvine  eon>- 
tained  77  per  cent  of  silica,  1.38  of  alumina,  16.75  of  organic  matter, 
and  4.87  of  water.  The  siliceous  sponges  should  also  be  taken  into 
account.  Their  spicules,  and  such  structures  as  the  skeleton  of  the 
heuMtituL  EupledeUa,  the  so-called  Venus's  flower  basket,  consist  ci 
practically  pure  opaline  silica.^  From  materials  of  this  kind,  which 
are  very  abundant  in  the  ocean,  these  particular  oozes  were  produced, 
but  their  primary  substance — silt,  or  volcanic  ash,  or  atmospheric 
dust — came  from  the  decomposition  of  rocks  upon  the  land.  In  some 
cases  siliceous  deposits  have  been  developed  in  another  way,  namely, 
by  tlie  silicificaticHi  of  shells  and  corals.  B^nains  of  this  kind  are 
plentifully  found  in  sedimentary  rocks,  and  the  process  of  their  for- 
mation can  be  imitated  artificially.  A.  H.  Church,^  by  allowing  a 
very  weak  solution  of  colloidal  silica  to  percolate  through  a  frag- 
ment of  coral,  succeeded  in  dissolviog  away  the  cakium  carbonate 
and  leaving  in  its  place  a  siliceous  pseudomorph. 

GLAUCONITE* 

la  oceanic  sediments,  and  chiefly  near  the  "mud  line"  surrounding 
the  continental  shores,  the  important  mineral  glauconite  is  found  in 
actual  process  of  formation,  Tliis  green,  granular  silicate  of  potas- 
sium and  iron  occurs  in  rocks  of  nearly  all  geologic  f^ee,  from  the 
Cambrian  down  to  the  most  recent  horizons,  and  there  has  been  much 
discussion  over  its  nature  and  origin.     In  composition  it  is  exceed- 

»  Ciuide  des  e\ciirsioiis  du  VII  Cxmj.  gc«oI.  latemat..  No.  29, 1807,  p.  6. 

«  Proc.  Roy.  Sjc.  Ediabiirg'.i,  vol.  IS,  lSDO-91,  p.  220. 

f  For  analyses,  by  V/.  C.  Whec'cr,  soo  Traf.  Paper  U.  S.  Oeol.  Survey  No.  102, 1017,  p.  7.    On  the  g»o- 
chcmiciil  significanoe  of  silica  in  toz.\t([  to  c.irly  forms  of  life,  see  V.  W.  Clarke,  Joiir.  Washington  Acad.  Scl. 
vol.6. 1916,  p.  caj. 

■<  Jour.Chem.  Soc.,  vol.  15,  lH;i2,  p.  lOi). 
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ingly  variable,  for  the  definite  compound  is  never  found  in  a  state  of 
purity,  but  is  always  contaminated  by  alteration  products  and  other 
extraneous  substances.  As  an  oceanic  deposit  glauconite  is  devel- 
oped principally  in  the  interior  of  shells,  and  organic  matter  is 
believed  to  play  a  part  in  its  formation.  According  to  Murray  and 
Renard/  the  shell  is  first  filled  with  fine  silt  or  mud  upon  which  the 
organic  matter  of  the  dead  animal  can  act.  Through  intervention  of 
the  sulphates  contained  in  the  sea  water,  the  iron  of  the  mud  is  con- 
vert<id  into  sulphide,  which  oxidizes  later  to  ferric  hydroxide.  At 
the  same  time  alumina  is  removed  from  the  sediments  by  solution 
and  colloidal  silica  is  liberated.  The  latter  reacts  upon  the  ferric 
hydroxide  in  presence  of  potassium  salts  extracted  from  adjacent 
minerals,  and  so  glauconite  is  produced.  This  view  is  sustained  by 
other  evidence,  namely,  the  constant  association  of  the  glauconite 
shells  with  the  debris  of  rocks  in  which  potassium-bearing  minerals, 
such  as  orthoclase  and  muscovite,  occur.' 

This  theory  of  Murray  and  Renard  seems  to  be  fairly  satisfactory, 
so  far  as  it  goes,  but  it  does  not  cover  the  entire  ground.  It  appUes 
to  the  glauconite  which  is  now  forming  upon  the  sea  bottom,  but  not 
to  all  occurrences  of  glauconite  in  the  sedimentary  rocks.  In  an 
important  memoir  L.  Cayeux '  has  shown  that  in  certain  instances 
glauconite  has  formed  subsequent  to  the  consolidation  of  its  rocky 
matrix,  and  while  he  admits  that  organic  matter  has  assisted  its 
development  within  shells,  the  mineral  can  be  produced  by  some 
quite  different  process.  What  this  process  is  he  does  not  explain; 
ha  merely  shows  that  glauconite  can  form  without  the  intervention 
of  organisms  and  that  its  mode  of  genesis  is  at  least  twofold.  Inci- 
dentally also  he  states  that  ferric  hydroxide  and  pyrite  are  produced 
by  the  decomposition  of  glauconite,  an  observation  which  seems  to 
indicate  that  the  reactions  predicated  by  Murray  and  Renard  may  be 
reversible. 

The  granules  of  glauconite  from  marine  mud  and  from  the  sedi- 
mentary rocks,  although  not  foimd  as  definite  crystals,  have  never- 
theless a  distinct  cleavage,  and  are  interpreted  by  A.  Lacroix  *  as 
monoclinic  and  analogous  to  the  micas.  There  is,  however,  another 
mineral,  celadonite,  which  is  regarded  by  Dana  and  other  writers  as 
a  separate  species,  but  which  resembles  glauconite  so  closely  in  com- 
position that  it  may  be  the  same  thing.  It  occurs  as  a  decomposition 
product  of  augite  in  various  basaltic  rocks,  is  green  like  glauconite 

»  ChalkngfT  Kept.,  Deep-sea  deposits,  1891,  p.  383. 

>  For  other  discussions  relative  to  the  origin  of  glauconite  see  C.  W.  von  Giimbel,  Sitzungsb.  K.  Akad. 
Wiss.  Mttnchen,  vol.  16, 1886,  p.  417;  vol.  26,  1896,  p.  545.    Also  D.  S.  Calderon,  D.  F.  Chaves,  and  P.  del 
I'ulgar,  Anales  8oc.  espafi.  hist,  nat.,  vol.  23,  1894,  p.  8.    The  older  literature  of  the  subject  Is  tiiiliiHf 
tant  for  present  purposes. 

*  Contributions  k  T^tude  mlcrograpbique  dee  terrains  s^dimentaires:  M^.  Soc.  g^l.  da  Nord«  ytH,  4, 
pt.  2, 1897,  pp.  1G3-1M. 
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but  earthy  in  texture,  and  never  granular.  It  is  easily  confounded 
with  other  green  chloritic  minerals  and  its  diagnosis  is  never  certain 
unless  supported  by  a  complete  chemical  analysis.  C.  W.  von  Gum- 
bel  *  and  K.  Glinka  ^  both  identify  it  chemically  with  glauconite, 
despite  its  entirely  different  origin,  a  conclusion  which,  if  sustained, 
gives  us  another  illustration  of  the  fact  that  a  chemical  compound 
may  be  produced  by  several  distinct  processes.  Still  another  min- 
eral, found  in  the  iron-bearing  rocks  of  the  Mesabi  district,  and 
named  greenalite  by  C.  K.  Leith  ^  has  been  confounded  with  glau- 
conite, although  it  is  free  from  potassium  and  its  iron  is  practically 
all  in  the  ferrous  state.  In  glauconite  the  iron  is  mainly  ferric,  and 
potassium  is  one  of  its  essential  constituents.  According  to  the  best 
analyses,  glauconite  probably  has,  when  pure,  the  composition  repre- 
sented by  the  formula  Fe'^'KSiaOe.aq.,  in  which  some  iron  is  replaced 
by  aluminum,  and  other  bases  partly  replace  K.'  This  formulation 
is  not  final;  neither  does  it  suggest  any  relationship  between  glau- 
conite and  the  micas.  It  rests  upon  Glinka's  analyses  of  Russian 
glauconite,  in  which  the  material  was  freed  from  impurities  by  means 
of  heavy  solutions.  The  water  in  the  formula  is  probably  for  the 
most  part  ''zeolitic'^  and  not  constitutional,  as  in  the  case  of  analcite, 
a  silicate  of  similar  chemical  type. 

The  following  analyses  of  glauconite  and  celadonite  will  serve  to 
show  the  variability  of  the  material.*' 

»  MiiK^ralopic  de  la  Fnmcc,  vol.  1,  ls93-lb'J5,  p.  407.    Lacroix  gives  a  number  of  analyses  of  French  and 
Belgian  glauconitos. 
«  Sitningsb.  K.  Akad.  Wiss.  Miinohen,  vol.  2t;,  18%,  p.  515. 
»  Zeitschr.  Kryst.  Mln.,  vol.  30, 1899,  p.  390.    Abstract  from  a  Russian  original. 

*  Mon.  U.  S.  Geol.  Survey,  vol.  43, 1903,  p.  240.    Leith  gives  a  long  tabic  of  glauconite  analyses. 

»  Bee  discussion  by  F.  W.  Clarke  in  Mon.  U.  S.  Geol.  Survey,  vol.  43, 1903,  p.  243.  Compare  L.  W.  CoUet 
and  G.  W.  Lee,  Compt.  Rend.,  vol.  142, 1906,  p.  999.  The  authors  give  an  analysis  of  very  pure  marino 
glauconite.  Two  other  analyses  arc  given  by  W.  A.  Caspari,  Proc.  Roy.  Soc.  Edinburgh,  vol.  30, 1910,  p. 
3C4.  Caspari  also  describes  the  synthesis  of  a  compound  resembling  glauconite.  An  important  mono* 
graph  by  Collet,  Lcs  depots  marins,  was  published  at  Paris  in  1908. 

•  Many  analyses  of  greensand  marls  ore  given  by  G.  U.  Cook,  in  Geology  of  New  Jersey,  18r.8.  pp.  414 
et  seq.  On  New  Jersey  greensands  sec  also  W.  B.  Clark,  Jour.  Geology,  vol.  2, 1894,  p.  161.  On  Irish  glau* 
conite,  sec  A.  J.  lloskins,  Geol.  Mag.,  1895,  p.  317. 

113750**— 1^— Bull.  C95 33 
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Aitalyses  of  glauconite  and  celadonite. 


A.  Glauconite,  from  Woodbum.  Antrim,  Ireland.    .Vnal  jiis  by  A.  P.  Hoskins,  Gcol.  liag.,  1885,  p. : 

B.  Glauconite  Crom  Cretaocons  sandstone,  Padi,  Government  Saratofl,  Itussia.  One  of  ten  onsUyscs, 
by  K.  Glinka  (Zeitschr.  Kryst.  Mln.,  vol.  30, 1889,  p.  890),  of  Kufiitlnn  material  from  the  Ix)ver  Sthirian, 
Juranic,  Eocene,  and  Crotaooous.  This  sample  kxst  4.43  per  cent  of  water  at  100*,  bot  regaiiicd  it  in 
twenty-four  hours. 

C.  Glauconite  twm  grccnsand  marl,  Hanover  Ck>unty,  Virginia.  Analysis  by  M.  B.  Corse  and  C.  Bas- 
kcrriUe,  Am.  Chem.  Jour.,  vol.  14, 1S82,  p.  627.    8.22  per  cent  of  the  silica  is  stated  separately  as  qusrta. 

I>.  Oceanic  glauconite,  mean  of  four  analyses  made  by  I^.  Sipdcs  for  Murray  and  Renard,  Challenscr 
Rept.,  Deep^ea  deposits,  1891 ,  p.  387. 

E.  Glauconite.  Monte  Brione,  Lake  Garda,  Italy.  Analysis  by  A.  Bchwager.  Hescribed  by  C.  W.  \wi 
GOmbel,  Sitzungsb.  Akad.  MQnchen,  vol.  20, 1896,  p.  &15. 

F.  Celadonite,  Monte  Baldo,  near  Verona,  Italy.    Analysis  by  8eh wager.    Bee  GQmbel,  loc.  cit. 

O.  Celadonite,  mean  of  four  analyses  of  material  from  Scottish  localities,  by  M.  F.  Ueddle.  Trans.  Roy. 
Soc.  Edinburgh,  vol.  29,  laso,  p.  102. 
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If,  now,  we  assume  that  celadonite  and  glauconite  are  at  bottom  j 
the  same  fenipotassic  silicate,  differing  only  in  their  impurities,  we 
may  b^in  to  see  that  the  several  modes  of  its  formation  are  not  ab-  \ 
solutely  different  after  aU.    Probably,  in  all  their  occurrences,  the 
final  reaction  is  the  same,  namely,  the  absorption  of  potassium  and 
soluble  silica  by  colloidal  ferric  hydroxide.    In  the  oceaEtJiiese? 
materials  are  prepared  by  the  action  of  decaying  animal  matter  upon/ 
ferruginous  clays  and  fragments  of  potassium-bearing  silicates.    Iny> 
the  sedimentary  rocks,  when  glauconite  appears  as  a  late  product, 
the  action  of  percolating  waters  upon  the  hydroxide  would  account 
for  its  formation.     In  igneous  rocks  the  hydroxide  is  derived  from 
augite,  or  perhaps  from  oUvine,  and  percolating  waters  again  come 
into  play.     Thus  the  various  productions  of  glauconite  and  celado- 
nite become  the  results  of  a  single  process,  which  is  exactly  equivalent 
to  that  in  which  potassium  compoimds  are  taken  up  by  clays.    The    / 
observation  of  L.  Cayeux  *  that  glauconite  is  frequently  present  in  / 
arable  soils,  in  all  conditions  from  perfect  freshness  to  complete/ 

»  Annalcs  Soc.  g<^oI.  du  Nord,  vol.  34, 1905,  p.  146. 
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alteration  into  limonite,  suggests  that  perhaps  the  formation  of  the 
species  is  one  of  the  modes  by  which  potassium  is  withdrawn  from 
its  solution  in  the  ground  waters. 

PHOSPHATE  ROCK. 

Among  the  phosphates  of  the  igneous  and  crystalline  rocks,  only 
one,  apatite,  has  any  large  significance.  Monazite  and  xenotime  are 
altogether  subordinate.  Apatite,  as  was  shown  in  previous  chap- 
ters *  is  widely  distributed,  but  in  relatively  small  proportions; 
although  it  is  sometimes  concentrated  into  large  deposits  or  in  veins. 
The  commercially  important  apatites  of  Canada,  Norway,  and  Spain 
are  s^regations  of  this  kind.^ 

By  various  processes,  which  are  not  yet  fully  understood,  apatite 
undergoes  alteration,  and  by  percolating  carbonated  waters  it  is 
slowly  dissolved.  Some  of  the  phosphoric  acid,  thus  removed  in 
solution,  is  carried  by  rivers  to  the  sea,  where  it  is  largely  absorbed 
by  living  oi^anisms.  Some  of  it  reacts  upon  other  products  of  rock 
decomposition,  forming  new  secondary  phosphates.  Another  portion 
is  retained  by  the  soil,  whence  it  is  extracted  by  plants,  to  pass  from 
them  into  the  bodies  of  animals.  From  organic  soiux^es,  such  as 
animal  remains,  the  largest  deposits  of  phosphates  are  derived. 
Between  the  original  apatite  and  a  bed  of  phosphorite  there  are  many 
stages  whose  sequence  is  not  always  the  same. 

The  solubility  of  apatite  and  of  the  other  forms  of  calcium  phos- 
phate has  been  studied  by  many  investigators.^  R.  MuUer*  has 
shown  that  apatite  dissolves  in  carbonated  waters,  and  the  fact  that 
the  solubility  of  calcium  phosphate  is  increased  by  humus  acids  has 
been  obsened  by  H.  Minssen  and  B.  Tacke.®  C.  L.  Keese,'  in  a  series 
of  experiments  upon  calcium  phosphate,  foxmd  that  it  dissolved  per- 
ceptibly in  swamp  waters  rich  in  organic  matter.  Carbonated  waters 
also  dissolved  it  freely,  but  it  was  redeposited  when  the  solution  was 
allowed  to  stand  over  calcium  carbonate.  In  presence  of  the  car- 
bonate, then  the  phosphate  would  probably  not  be  dissolved,  while 
carbonate  could  pass  into  solution.  O  ther  salts  in  solution  may  assist 
or  liindcr  the  solubility  of  calcium  phosphate,   and  since  natiu*al 

»  See  p.  350  and  also  tlio  analyses  of  Igneous  rocks  given  in  Chapter  XI. 

«  For  good  summaries  relative  to  tlio  occurrence  of  economically  important  phosphates  of  lime,  see  R.  A. 
F.  Penrose,  Bull.  U.  S.  Geol.  Survey  No.  46, 1888;  A,  Camot,  Annales  des  mines,  9th  ser.,  vol.  10, 1896,  p. 
137;  and  E.  Nivoit,  in  Frrmy's  Encyclopedic  cliimiquc,  vol.  5,  sec.  1,  pt.  2, 1884,  p.  83.  All  these  memoirs 
contain  numerous  analyses,  and  Penrose  gives  a  bibliography  of  the  subject  down  to  1888.  Beds  rich  in 
coprolitic  nodules  arc  extensively  worked  in  England. 

«  Sec  F.  K.  Cameron  and  L.  A.  Hurst,  Jour.  Am.  Chcm.  Soc.,  voL  26, 1904,  p.  885.  These  writers  give 
abundant  literature  references.  See  also  Cameron  and  A.  Seidell,  idem,  vol.  26, 1901,  p.  1454;  vol.  27, 1905» 
p.  1503.  Earlier  papers  by  S.  P.  Sharpies  (Am.  Jour.  Sci.,  3d  ser.,  vol.  1,  1S71,  p.  171)  and  T.  Schldsing 
(Compt.  Rend.,  vol.  131,  1900,  p.  149)  may  abo  bo  noticed. 

*  Jahrb.  K.-k.  geol.  Rcichsanstalt,  vol.  27,  Min.  Biitt.,  1877,  p.  25.    See  also  ante,  p.  350. 
5  Jour.  Chom.  Soc.,  vol.  78,  pt.  2,  1900,  p.  618.    Abstract. 

•  Am  Jour.  Sci.,  3d  ser.,  vol.  13,  1892,  p.  402. 
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waters  differ  in  composition  the  solvent  process  is  necessarily  variable. 
Cameron  and  Hmist/  who  studied  the  solution  of  iron,  aluminum, 
and  calciiun  i)hosphate,  showed  that  the  process  is  one  of  hydrolysis, 
the  solution  becoming  acid;'  and  less  soluble  basic  phosphates  being 
left  behind;  that  is,  the  solution  contains  acid  ions,  corresponding 
either  to  free  acid  or  to  acid  salts — a  condition  which  must  materially 
affect  the  action  of  the  liquid  upon  the  substances  with  which  it 
comes  in  contact.  R.  Warington,^  for  example,  found  that  a  solu- 
tion of  calcium  phosphate  in  carbonated  water  was  perfectly  decom- 
posed by  hydroxides  of  iron  and  aluminiun — a  reaction  wldch  must 
often  occur  in  soils.  By  reactions  of  this  kind,  probably,  many  well- 
known  minerals  have  been  produced ;  but,  since  iron  compoimds  occur 
in  natural  solutions  more  largely  than  salts  of  aluminum,  the  iron 
phosphates  are  more  numerous  and  more  widely  distributed.  The 
*'bluo  earth,''  vivianite,  FeaPaQa-SHjO,  for  example,  is  not  imcom- 
mon  in  clays;  it  is  found  lining  belenmites  and  other  fossQs  at  Mul- 
hca  Hill,  New  Jersey;  and  near  Edgeville,  Kentucky,  W.  L.  Dudley* 
found  plant  roots  almost  completely  transformed,  by  a  process  of  re- 
placement, into  this  mineral.  Other  phosphates  of  iron,  commonly 
found  associated  with  sedimentary  beds  of  limonite,  are  dufrenite,. 
strengite,  phosphosiderite,  barrandite,  koninckite,  cacoxenite,  be- 
raimite,  ludlamite,  calcioferrite,  borickite,  etc.  The  almuinum 
phosi)hates,  omitting  several  of  doubtful  character,  are  wavellite, 
fischerite,  variscitc,  turquoise,  callainite,  peganite,  sphaerite,  evansite, 
wardite,  and  zepharovichite.  Most  of  these  minerals  are  rare 
species,  found  in  very  few  locaUtics,  and  need  no  further  consideration 
here.'  WaveUite,  howe\^r,  has  been  mined  near  Moimt  Holly 
Springs,  Pennsylvania,  and  used  as  a  source  of  phosphoric  acid.' 

Aluminum  phosphates  are  sometimes  formed  by  the  direct  action 
of  phosphatic  solutions  upon  igneous  rocks,  or  even  upon  limestones 
containing  much  clay.  The  source  of  the  phosphates  in  several  such 
cases  is  found  in  beds  of  guano  deposited  by  sea  fowl  upon  rocky 
islets,  or  by  colonies  of  bats  in  caves.  Guano  is  rich  in  phosphatic 
material,  and-  a  niunber  of  distinct  mineral  species  have  been  dis- 
covered in  guano  beds.'  The  following  compounds  are  the  best 
known  among  them: 

>  Loc.  cit.  a 

»  Apatite  gives  alkaline  reactions.  F.  K.  Cameron  and  A.  Seidell,  Jour.  Am.  Chem.  Soe.,  vol.  27, 1905, 
p.  l.*310. 

» Jour.  Chem.  Soc.,  vol.  19, 1866,  p.  296. 

<  Am.  Jour.  Sci.,  3d  ser.,  vol.  40, 1S90,  p.  120. 

» For  details  concerning  these  minerals,  see  Dana's  System  of  Mineralogy  and  its  suppl^nents.  On 
the  varieties  of  calcium  phosphate  known  as  osteolite  and  staffelite,  see  A.  Schwantke,  Contralbl.  Min., 
Geol.  u.  Pal.,  1905,  p.  QM. 

•  See  O.  W.  Stose,  Bull.  U.  8.  Geol.  Survey  No.  315, 1907,  p.  474. 

'  On  the  phosphates  found  in  the  bat  guano  of  the  Skipton  Caves,  Australia,  see  R.  W.  E.  Mclvor,  Chem. 
News,  vol.  55, 1887,  p.  215;  vol.  85, 1902,  pp.  181,  217.  Mclvor  names  three  of  the  ammonlum-iiiaipiesltini 
phosphates— dittmarite,  muellerite,  and  schertclite. 
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Monetite HCaP04. 

Bnishite HCaP04.2HaO. 

Metabnishitc 2HCaP04.3HaO. 

Martiaite 2HaGa5(P04)4.HaO. 

Collophanite Ce^TfigMjO. 

Bobierrite MgjPjOg.SHjO. 

Newberyitc HMgP04.3H20. 

Hanna>dte Mg,P208.2HaNH4P04.8HaO. 

Struvite NH4MgP04.6H20. 

Stercorite HNaNH4P04.4n30. 

Several  of  these  compouiids,  it  will  be  observed,  are  acid  phos- 
phates, and  three  of  them  contain  ammonium.  Dissolved  by  atmos- 
pheric waters,  they  react  upon  the  decomposing  rocks  beneath  the 
guano  and  produce  changes  of  a  notable  kind.  Where  they  find 
Umestone,  they  convert  it  into  calcium  phosphate;  when  they  attack 
igneous  rocks,  they  produce  a  phosplmtojof  aluminum.  The  last- 
named  substance  may  also  be  formed  from  the  hydroxide  of  alumi- 
num which  is  present  in  many  clays.  On  the  islands  of  Navassa,  Som- 
brero, Mona,  and  Moneta,  in  the  West  Indies,*  limestones  have  been 
thus  transformed;  the  other  reaction  may  bo  more  fully  considered 
now. 

On  Clippcrton  Atoll,  in  the  North  Pacific,  J.  J.  H.  TeaJl*  found 
a  phosphatized  trachyte,  the  alteration  being  clearly  due  to  leachings 
from  guano.  A  similar  alteration  of  andesite  was  discovered  by 
A.  Lacroix'  on  Pearl  Islet,  oflf  the  coast  of  Martinique.  In  both 
cases  feldspars  furnished  the  alumina  for  the  phosphate  that  was 
foimd.  Another  phosphate  of  similar  character,  from  the  island  of 
Redonda,  in  the  West  Indies,  was  described  by  C.  U.  Shepard,*  but 
nothing  is  said  of  its  petrologio  origin.  Another  example,  ana- 
lyzed by  A.  Andouard,'  came  from  the  islet  of  Grand-Conn^ table, 
near  the  coast  of  French  Guiana.  All  of  these  represent  changes 
brought  about  by  percolations  from  bird  guano. 

»  For  the  Navassa  phosphate,  see  E.  V.  d'Imilliers,  Bull.  Geol.  Soc.  America,  vol.  2, 1S91,  p.  75.  W.  B. 
M.  Davidson  (Trans.  Am.  Inst.  Min.  Eng.,  vol.  21, 1892-93,  p.  139)  tliinks  it  may  be  a  residual  concentra- 
tion from  phosphallc  limestone  and  not  a  guano  product.  For  Sombrero,  see  A.  A.  Jullen,  Am.  Jour.  Sd., 
2d  ser.,  vol.  30, 1863,  p.  424.  For  Mona  and  Moneta,  see  C.  U.  Shepard,  Jr.,  Am.  Jour.  Sci.,  3d  ser.,  vol.  23, 
1882,  p.  400.  See  also  S.  P.  Sliarples,  Proc.  Boston  Soc.  Nat.  Hist.,  vol.  22, 1883,  p.  242,  on  phosphates  from 
the  guano  caves  of  the  Caicos  Islands,  which  contain  considerable  admLxtures  of  calcium  sulphate.  K. 
Martin  (Zcitschr.  Deutsch.  geol.  Oesell.,  vol.  31, 1879,  p.  473)  has  described  the  deposits  of  phosphate  on  the 
island  of  Bonaire.  N.  II.  Darton  (Am.  Jour.  Sci.,  3d  ser.,  vol.  41, 1891,  p.  102)  and  W.  H.  Dall  and  G.  D. 
Harris  (Bull  U.  S.  Gcol.  Survey  No.  84, 1892)  rei;ard  the  phosphates  of  Florida  as  possibly  due  to  guano 
leachings.  The  same  view  was  also  advocated  by  T^.  C.  Johnson,  Am.  Jour.  Sci.,  3d  ser.,  vol.  45, 1893, 
p.  407.  On  the  Aniba  phosphates  see  G.  Hughes,  Quart.  Jour.  Geol.  Soc.,  vol.  41, 1885,  p.  80.  Phospha- 
tized limestones  are  also  reported  on  islands  of  the  Marshall,  Pelew,  and  Seychelle  groups.  See  Bull.  Im- 
perial Inst.,  No.  9, 1911,  p.  39,  and  No.  13, 1915,  p.  568. 

»  Quart.  Jour.  Geol.  Soc.,  vol.  54, 1898,  p.  230. 

I  Bull.  Soc.  min.,  vol.  28,  1905,  p.  13.  Lacrolx  (Compt.  Rend.,  vol.  143,  1906,  p.  661)  has  also  reported 
an  occurrence  of  phosphatized  trachyte  on  the  island  of  San  Thomd,  in  the  Gulf  of  Guinea.  In  this  case 
again,  guano  was  the  agent  of  alteration. 

4  Am.  Jour.  Sci.,  2d  ser.,  vol.  47, 1869,  p.  428.  See  also  C.  H.  Hitchcock,  Bull.  Geol.  Soc.  America,  vol.  2, 
1891,  p.  6. 

»  Compt.  Rend.,  vol.  119,  1S94,  p.  1011, 
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In  the  Minerva  grotto,  Department  of  TH^rault,  France,  A.  Gau- 
tier^  found  brush! to,  tribasic  calcium  phosphate,  and  a  phosphate 
of  aluminum  to  which  he  gave  the  name  minervite.  To  this  he 
first  assigned  the  formula  AljPjOg.THjO,  but  later  investigations 
have  shown  that  potassium  is  an  essential  constituent  of  the  mineral. 
This  was  proved  by  A.  Carnot,^  who  also  described  a  substance 
similar  to  minervite,  from  a  cave  near  Oran,  in  Algeria.  In  this 
case  the  phosphatic  deposits  seem  to  have  been  formed  by  infiltra- 
tions from  without  the  cavern,  and  the  same  is  true  of  a  white, 
pulverulent  substance  described  by  J.  C.  H.  Mingaye*  from  the 
Jenolan  caves  in  New  SouUi  Wales.  Here  no  evidence  of  guano 
could  be  found,  and  Mingaye  ascribed  the  phosphatic  solution  to 
leaehings  of  river  silt  containing  bones  or  other  organic  matter  and 
directly  overlying  the  caves.     The  analyses  are  as  follows: 

Analyses  of  phosphatic  d€ix)sits. 


A.  Ciipportoc  A  loll,  Tcall. 

B.  Mariiniciuo,  an:ily>is  by  Arsandaux. 

C.  Rcdonda,  Shcpanl. 

D.  Minerva  Grotto,  Gmitier,  r«.'«nt. 


K.  ifincrva  Grotto,  Camot. 

F.  Oran,  Carr.ot. 

G.  Jenolan  cave?,  Mingaye. 
II.  Controoe,  Sicily,  C^soria. 


1       A 

1 

B 

C 

D 

K 

F 

G 

H« 

P.O.. 

AljO, 

38.  5 

2").  9 

7.4 

41.20 
34.20 

Trace. 
Trace. 

43.20 
14.40 
16.60 

40.40 

21.60 

.50 

37.28 

18.59 

.83 

.33 

1.40 

8.28 

35. 17 

18.  18 

Trace. 

.31 

5.  80 

40.83 

20.70 

.20 

Trace. 

Trace. 

9.01 

37.10 
22.89 

Fe^O, 

1.17 

MgO 

ti  riy 

CaO 

.57 

.13 

7.00 

.30 

.47 

K,0 

ao4 

NaoO 

.02 

rNfru) 

1 
•  «   ....-'   1-     

Nir,./. 

.52 
Trace. 

.48 
Trace. 

.61 

V 

CaFo 

.31 

CI..' 

Trace. 
Trace. 

}  4.35 

28.20 

Trace. 

Trace. 

1 1 .  60 

28.26' 

SO, 

SiOo 

1    5.0 
23.0 

fK).  8 

1.60 

'".*i4* 
28.73 

"i."i2' 

27.69 

.36 

Insol 

H,0 

24.50 

24.00 

*>29. 10 

* 

99.90 

100.37 

99.58 

99.78 

99.74 

99.55 

99.35 

0  This  substance,  named  palmerlte  by  K.  Casoria  (Zeitschr.  Kryst.  Min.,  \o\.  42.  KOO,  p.  87),  from  near 
(^ontronc.  Sicily,  is  probably  iclentica.1  with  minervite.  It  was  found  in  a  layer  under  bat  guano,  b'cealso 
A.  Lacroix,  Bull.  Soc.  min.,  vol.  33,  1910,  p.  3t.    Lacroi-\  assigns  a  very  complex  formula  to  minervite. 

t>  Loss  in  ignition. 

Although  these  analyses  do  not  represent  pure  compounds,  they 
yield   approximations   to  simple  formula?.     A  and   B  are  not  far 

1  Annales  des  mines,  9th  ser.,  vol.  5,  1S94,  p.  1.  Compt.  Rend.,  vol.  116,  1^93,  pp.  928,  1023.  Recent 
papors  by  Gauticr  are  in  Corapt.  Rend.,  vol.  158,  p.  912,  1914,  and  Bull.  Soc.  chim.,  4th  ser.,  vol.  l.S,  1914, 
p.  533. 

-  Annales  des  mines,  9th  scr.,  vol.  8, 1S9">,  p.  319.    Compt.  Rend.,  vol.  121, 1895,  p.  152. 

*  Rec.  Ceol.  Survey  Now  South  Wales,  vol.6, 1899,  p.  HI.  Mlngayc  gives  analyses  of  several  other  phos- 
I)hates  found  in  those  caverns.  Pho.sphates  of  similar  origin  are  described  by  I).  Mawson  and  W.  T.  OocHra 
in  Trans.  Roy.  Soc.  South  AustnUia,  vol.  31, 1907,  p.  05. 
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from  variscite,  AIPO4.2H2O.  C  suggests  the  analogous  barrandite, 
(Al,Fe)P04.2H20.  Minervite,  especially  as  shown  in  Mingaye's  analy- 
sis, probably  contains  a  salt  of  the  composition  H3KAl3(P04),.6H,0. 
Gautier  assigns  it  a  more  complex  formula  and  further  investigation 
of  it  is  desirable. 

The  phosphates  of  the  Minerva  grotto,  according  to  Gautier/  were 
formed  by  the  action  of  decomposing  animal  matter  upon  gibbsite, 
clay,  and  limestone.  In  order  to  support  this  opinion,  he  proved 
experimentally  that  solutions  of  ammonium  phosphate,  which,  as 
we  have  seen,  may  be  derived  from  guano,  will  produce  the  required 
transformations.  Gelatinous  alumina,  digested  with  ammonium 
phosphate,  gave  a  crystalline  product  resembling  minervite,  and 
even  a  clay  was  altered  by  the  reagent.  Siderite,  FeCOg,  similarly 
treated  with  ammonium  phosphate,  was  converted  into  a  salt  of  the 
composition  Fe8(P04)2.6H30;  and  limestone  was  found  to  be  trans- 
formed into  calcium  phosphate.  That  is,  a  known  product  of 
organic  decomposition  will  so  act  upon  mineral  substances  as  to 
generate  phosphates  resembling  those  that  were  actually  found.  An 
outline  is  thus  furnished  for  a  general  theory  of  phosphatization, 
which  is  supported  both  by  laboratory  investigation  and  by  the 
observation  of  natural  occurrences.  The  decaying  animal  matter,  in 
presence  of  bones  or  phosphatic  shells,  can  form  soluble  phosphates, 
and  the  latter,  acting  in  solution  upon  clays,  hydroxides,  or  carbon- 
ates, bring  about  the  final  transformations. 

The  larger  deposits  of  calcium  phosphate,  or  phosphorite,  are 
probably  all  of  marine  origin.^  Unlike  the  crystalline  apatite  they 
are  amorphous,  and  may  be  either  compact,  earthy,  or  concretionary. 
Nodular  or  pebble  forms  ai*e  common.  In  composition  the  purest 
phosphorites  approach  apatite,  or,  more  specifically,  fluorapatite, 
CagCPOJ^F;  but  some  varieties  are  more  nearly  the  normal  trical- 
cium  phosphate,  Ca3(P04)2.  According  to  A.  Camot,^  the  concre- 
tionary phosphat<*s  are  deficient  in  fluorine,  while  in  the  sedimentary 
forms  it  is  present  in  nearly  the  apatite  ratio.  In  the  phosphorite 
of  France,  A.  Lacroix  *  identifies  coUophanite,  dahUite, 

(Ca.(PO,),.CaC03.5H20) 

and  francolite,  which  also  contains  calcium  carbonate.     To  the  phos- 

»  Annalcs  dcs  Mines,  9th  ser.,  vol.  5,  1891,  p.  1.    Compt.  Rend.,  vol.  110,  1893,  pp.  928,  1023. 

«  Even  the  highly  crystallized  Canadian  apatites  of  the  Grenville  series  are  regarded  by  W.  H.  McNaim 
as  originnlly  marine  deposits  which  have  undergone  mctamorphism.    Trans.  Canadian  Inst.,  vol.  8,  p.  495. 

«  CoiTipt.  Rend.,  vol.  114, 1S92,  p.  1003. 

<  Idem,  vol.  150,  1910,  pp.  1213, 1388.  Sec  also  his  Min^logie  de  la  France,  vol.  4,  pp.  555-5S6.  Other 
valuable  papers  on  the  geologic  relations  of  the  phosphates  are  by  J.  L.  Willis,  Ottawa  Naturalist,  vol.  6, 
1892,  p.  7;  E.  Blackwcldcr,  Am.  Jour.  Scl.,  4th  ser.,  vol.  42, 1916,  p.  285;  J.  W.  Gregory,  Trans.  Geol.  See. 
Glasgow,  vol.  10,  pt.  2,  1917,  p.  115;  F.  D.  Adams  and  W.  J,  Dick,  Trans.  Canadian  Min.  Inst.,  voL  19, 
1917,  p.  321;  and  W.  F.  Fcrrier,  Canadian  Mining  Jour.,  vol.  38, 1917,  p.  209.  On  dahlllte,  etc.,  see  also 
A.  F.  Rogers,  Am.  Jour.  Sci.,  4th  ser.,  vol.  33, 1912,  p.  475,  and  Mlneralog.  Mag.,  vol.  17, 1914,  p.  155.  To  a 
mlDfiral  of  the  composition  CasPiOt.CaO  Rogers  gives  the  name  voelcksclt^. 
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phorite  of  Quercy,  which  is  a  mixture  of  the  other  species,  he  gives 
the  name  quercylitc. 

To  apparently  homogeneous  brown  grains  from  the  chalk  of  Ciply, 
in  Belgium,  J.  Ortlieb  *  assigned  the  formula  4CaO.2P2O5.SiO2,  regard- 
ing the  substance  as  a  definite  mineral  species  to  which  he  gave 
the  name  ciplyte.  In  an  Algerian  phosphate,  G.  Schuler  •  found 
chromium  to  an  average  amoimt  of  0.057  per  cent  of  CrjO,.  Oxides 
of  iron,  alumina,  magnesia,  calcium  carbonate,  gypsum,  silica, 
sand,  and  clay  are  common  impurities.  Nitrc^enous  organic  matter 
is  also  often  present.  Some  so-called  phosphate  rocks  are  merely 
phosphatized  limestones,  sandstones,  or  shales.  In  certain  Cre- 
taceous sandstones  of  Russia,  calcium  phosphate  occiu^  as  a  cement 
for  the  sand  grains  and  also  in  the  form  of  fossil  bones  and  fossil 
wood.  The  wood  has  been  completely  replaced  by  phosphate.' 
Although  bone  is  itself  largely  composed  of  calcium  phosphate,  fossil 
bones  are  not  identical  chemically  with  recent  bones.  The  fossils 
show  an  enrichment  in  calcium  carbonate,  iron  oxide,  and  fluorine, 
as  A.  Camot*  has  shown,  and  especially  in  fluorine.  Modem  bones, 
from  various  animals,  were  found  by  Carnot  to  contain  a  minimum 
proportion  of  fluorine;  Tertiary  bones  were  much  richer;  Triassic  and 
Cretaceous  bones  still  more  so;  and  in  bones  from  Silurian  and  Devo- 
nian formations  the  ratio  of  fluoride  to  phosphate  was  nearly  that 
of  apatite.  This  progressive  enrichment  in  fluorine  Carnot  attributes 
to  the  agency  of  percolating  w^aters,  carrying  small  quantities  of  fluo- 
rides in  solution.  He  cites  a  number  of  references  to  the  presence 
of  fluorides  in  mineral  springs,  and  in  water  from  the  Atlantic  he 
found  fluorine  to  the  extent  of  0.822  gram  in  a  cubic  meter.  Iodine, 
which  is  also  of  oceanic  origin,  has  repeatedly  been  detected  in 
phosphorites,  but  the  presence  of  bromine  is  more  doubtful.' 

The  small  traces  of  phosphates  which  are  present  in  sea  water  are( 
more  or  less  absorbed  into  the  shells,  bones,  and  tissues  of  marineV  .  j« 
animals,  and  so  concentrated  to  some  extent.  When  the  animals  die 
their  remains  are  scattered  through  the  ooze  of  the  sea  bottom,  and 
feebly  phosphatic  deposits  are  thus  formed.  The  calcium  phosphate, 
however,  tends  to  become  still  more  concentrated,  for  the  carbonate 
with  which  it  is  commingled  is  more  freely  soluble,  and  so  is  par- 
tially removed.  This  process  is  assisted  by  the  carbonic  acid  formed 
during  the  decomposition  of  the  animal  matter.*    Some  phosphate 

»  Annales  Soc.  g6ol.  du  Nord,  vol.  Id,  1888-89,  p.  270. 

»  Zoitsohr.  angow.  Chemie,  1898,  p.  1101. 

«  See  a  table  of  IS  tlnalyses  by  A.  EngeDiardt,  Claiis,  P.  Latschinow,  and  P.  Kostychew  in  Revue  de 
gtelogie,  vol.  7,  1867-68,  p.  320.    The  wood,  bone,  and  cement  have  practically  the  same  compositiuo. 

<  Annalos  des  mines,  9th  ser.,  vol.  3, 1893,  p.  155.  In  a  dinosaurian  bone  from  Colorado,  L.  G.  Eakins,  in 
the  laboratory  of  the  United  States  Geological  Survey,  found  2.12  per  cent  of  fluorine. 

»  See  F.  Euhlmann,  Compt.  Rend.,  vol.  75, 1872,  p.  1678. 

•  See  discussion  by  L.  Knift,  Neues  Jahrb.,  Beil.  Band  15, 1902,  p.  I.  This  memoir  relates  to  the  distri- 
bution of  phosphorite  in  the  older  Paleozoic  formations  of  Europe. 
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is  also  dissolved,  but  it  is  in  part  redeposited  around  nuclei,  such 
shells  or  fragments  of  bone,  forming  the  phosphatic  nodules  whi< 
are  so  often  found  upon  the  ocean  floor.*    Similar  nodules  are  con\- 
mon  in  beds  of  phosphorite  and  in  some  localities  they  constitute  i1 
valuable  portions.     They  are  also  found  disseminated  in  deposits  of  f 
greensand,  associated  with  the  glauconite  which  was  laid  down  at  ^ 
the  same  time.     The  replacement  of  calcareous  shells  by  phosphates  \ 
was  clearly  traced  by  A.  F.  Renard  and  J.  Comet  ^  in  their  study  of    I 
the  Cretaceous  phosphorites  of  Belgium.  .^ / 

The  organic  remains  which  contribute  to  the  formation  of  phos- 
phorites vary  widely  as  regards  richness  in  phosphates.  Bones  are 
are  very  rich,  and,  so,  too,  are  crustacean  remains;  moUusks  and  corals 
are  the  poorest.  As  a  rule,  moUuscan  shells  and  corals  consist 
mainly  of  calcium  carbonate,  but  some  brachiopods  are  highly  phos- 
phatic. In  a  recent  lingula,  for  instance,  W.  E.  Logan  and  T.  S.  Himt* 
found  85.79  per  cent  of  calcium  phosphate.  The  fossil  casts  of  a  gas- 
tropod, Cydora,  arc  also,  according  to  A.  M.  Miller,*  rich  in  phos- 
phate. The  Cambrian  phosphates  of  Wales  are  regarded  by  H.  ' 
Hicks  *  as  derived  in  large  part  from  crustaceans,  a  supposition  which 
is  borne  out  by  W.  H.  Hudleston's  analyses.*  The  shell  of  a  giant 
trilobite  contained  17.05  per  cent  of  PjOj;  the  shell  of  a  recent  lobster 
yielded  3.26  per  cent,  and  the  average  amoimt  foimd  in  an  entire 
lobster  was  0.76  per  cent.  Where  crustacean  remains  are  abundant, 
the  proportion  of  phosphoric  acid  ought  to  be  relatively  high. 

These  early  observations  have  recently  been  confirmed  and  ex- 
tended by  a  large  number  of  analyses  made  by  W.  C.  Wheeler  in  the 
laboratory  of  the  United  States  Geological  Survey.^  From  among 
them  the  following  examples  have  been  selected.  They  represent  the 
composition  of  the  inorganic  part  of  the  shell  or  skeleton,  after  reject-  f 
ing  organic  matter  and  water  and  recalculation  to  100  per  cent. 

>  Seo  J.  Murray  and  A.  F.  Renard,  Cliallengcr  Rept.,  I>oep-sea  deposits,  1891,  pp.  397-400.    Also  ante, 
In  Chapter  IV,  p.  134. 
»  Bull.  Acad.  roy.  sci.  Belglque,  vol.  21, 1891,  p.  126. 
«  Am.  Jour.  Sci.,  2d  ser.,  vol.  17,  1854,  p.  236. 

•  Am.  Geologist,  vol.  17,  1896,  p.  74. 

•  Quart.  Jour.  Oeol.  Soc,  vol.  31,  1875,  p.  368.  On  p.  357  of  the  same  Journal  there  is  another  paper  by 
P.  C.  Da  vies  on  the  same  re^on.  W.  D.  Mattliew  (Trans.  New  York  Acad.  Sd.,  vol.  12,  p.  108)  has  de- 
s.  ribed  phosphatic  nodules  from  the  Cambrian  of  New  Brunswick. 

•  Quart.  Jour.  CJeol.  Soc.,  vol.  31,  1875,  p.  376. 
»  Prof.  Paper  U.  S.  Gcol.  Survey  No.  102,  1917,  by  F.  W.  Clarke  and  W.  C.  ^^^)eeler.    For  analyses  ol 

vertebrate  bone.s,  both  recent  and  fossil,  see  E.  Fremy,  Annales  chim.  phys.,  3d  ser.,  vol.  43,  1855,  p.  94. 
On  the  occurrence  of  Lingula  and  Discina  in  the  phosphate  beds  of  Utah,  Wyoming,  and  Idaho,  see  0.  H. 
Girty,  Bull.  U.  8.  Geol.  Survey,  No.  436, 1910. 
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Analyses  of  pkosphatic  invertebrates. 

\.  LingtUaanatlnaQmoiin.    Brachiopod. 

n.  DiKiniaea  Itnelloaa  Broderip.    Brachiopol.    f)ne  f^notip  of  hrachiopods,  however.  Is  almoet  noii« 
phosphatic. 

C.  Phyllogmgia  quercifolia  Dana.  Alcyonarlan.   Thoalcyonarians  generally  contain  only  small  amounts 
of  phosphoras.    The  genos  Lcptofforgij  is  about  as  phosphatic  as  the  example  given  here. 

D.  CiUinecte*  sapUttt  Rathbon.    Blue  crab. 
K.  Lithodes  maia  Linnd.    Bpldercrab. 

F.  Pandaliu  plat9eeros  Brandt.    A  shrimp. 

G.  Crayo  ^/n  Rathbun.     A  shrimp. 

II.  ChloridellaempusaSAy.    Mantis  shrimp. 


SiO 

iAi;Fe)iO, 
Mk(;03-.-. 

CaCOj 

CaSO^ 


A 

n 

c 

D 

K 

F 

G 

0.91 

0.85 

0.34 

0.06 

0.00 

0.87 

2.94 

.54 

.58 

.26 

.06 

.31 

.70 

.95 

2.70 

6.68 

15.73 

6.69 

8.35 

8.09 

10.05 

1.18 

8.35 

72.99 

78.14 

73.07 

60.94 

54.83 

2.93 

8.37 

2.11 

.60 

2.24 

2.46 

3.79 

91.74 

75.17 

8.57 

14.45 

16.03 

26.94 

27.44 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

II 


0.06 

.50 

15.99 

28.56 

5.33 
49.  5r» 


100.0 


Analyses  D  to  H,  of  crustaceans  are  selected  from  a  series  of  11 
and  serve  to  show  their  generally  phosphatic  character.  In  addition 
to  these,  another  series  of  analyses  were  made  by  G.  Steiger  of  shells 
of  the  conunon  lobster,  Homarus  americanus  Milne  Edwards/  which 
tell  the  same  story,  but  also  show  that  the  proportion  of  phosphate 
varies  with  the  age  or  size  of  the  animal.  In  the  shell  of  a  small  lob- 
ster, weighing  10  ounces,  there  was  in  the  inorganic  portion  only  13.45 
per  cent  of  calcium  phosphate,  while  that  of  a  large  specimen,  weigh- 
ing 5J  pounds,  contained  26.35  per  cent.  It  was  found  also  that  the 
laige  claws  of  the  lobsters  were  richer  in  phosphates  than  the  carapaces. 
All  these  analyses,  however,  relate  to  the  larger  crustaceans,  but  there 
are  very  mmuto  forms  which  make  up  an  important  portion  of  the 
marine  plankton  and  which,  because  of  their  enormous  abundance, 
are  perhaps  of  greater  significance  geologically  than  the  more  con- 
spicuous species.  Two  samples  of  these,  representing  the  genera 
Temoni  and  Thysanoessa,  with  hundreds  of  individuals  in  each,  were 
therefore  partially  analyzed,^  and  it  was  found  that  their  inorganic 
portions,  although  small  in  amount,  consisted  almost  if  not  entirely 
of  calcium  phosphate.  These  creatures  as  food  for  larger  animals 
represent  an  early  stage  in  the  concentration  of  phosphorus  from  sea 
water. 

But  this  is  not  aU.  Many  other  marine  invertebrates  are  slightly 
phosphatic,  and  add  their  contribution  of  phosphates  to  the  marine 
sediments.  Some  annelids  are  rich  in  phosphorus,  and  the  tubes 
formed  by  the  genera  Leodice,  Hyalinoecia,  and  Onuphis  are  in  this 
respect  the  most  remarkable;  although  the  form  in  which  the  phos- 


» See  Clarke  and  Steiger,  Proc.  Nat.  Acad.  Sci.,  vol.  3, 1919,  p.  C. 
'SeeClarkoand Salkover, Jou u  Washington  Acad. Sci.,  vol. H,  1918, p.  185. 
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phorus  is  combined  is  by  no  means  clear.^  These  oiganisms  play 
their  part,  albeit  a  small  one,  in  the  concentration  of  phosphorus,  and 
the  aggregate  influence  of  all  these  minor  agencies  must  be  very  laige. 

The  deposits  thus  formed  by  animal  remains  upon  the  bottom  of 
the  ocean  are  at  the  best  but  moderately  phosphatic.  Much  of  the 
calcium  phosphate  is  redissolved  before  reaching  the  sediments,  but 
enough  remains  to  be  significant.  A  further  concentration  is  effected 
after  the  sediments  have  been  elevated  into  land  surfaces,  when  atmos- 
pheric agencies  begin  to  work  upon  them.  First,  beds  of  pho^hatic 
chalk  or  hmestone  axe  formed,  from  which,  by  leaching  with  meteoric 
or  subterranean  waters,  the  excess  of  calciimi  carbonate  is  washed 
away.  The  less  soluble  phosphate  then  remains  as  a  residuary  de- 
posit, more  or  less  impure,  and  varying  much  in  richness.  The  beds 
near  Mons,  in  Belgium,  according  to  F.  L.  Comet,*  were  thus  derived 
from  phosphatic  chalk,  from  which  the  calcareous  shells  have  dis- 
appeared, while  the  flints,  siliceous  sponges,  and  veteforate  bones  are  1 
unchanged.  According  to  Chateau  ^  the  Eocene  phosphates  of  [ 
Algeria  were  concentrated  in  the  same  way,  from  animal  and  vege^  \ 
table  debris  laid  down  in  shallow  salt-water  lagoons.  The  beds  also  / 
show  signs  of  local  precipitation  of  phosphates  which  had  previously 
been  dissolved.  So  long  ago  as  1870  this  theory  of  concentration  by 
leaching  was  proposed  by  N.  S.  Shaler,  to  account  for  the  nodular 
phosphates  of  South  Carolina,  and  it  seems  to  apply  equally  well  to 
some  other  phosphorite  deposits  of  the  United  States. 

The  phosphorites  of  Tennessee,  which  have  been  somewhat  ex- 
haustively studied,^  furnish  an  excellent  illustration  of  the  several 
processes,  chemical  and  mechanical,  which  have  taken  part  in  their 
formation.  As  interpreted  by  Hayes  and  Ulrich,  these  phosphorites, 
which  are  partly  Ordovician  and  partly  Devonian,  were  first  laid 
down  in  a  shallow  sea  as  phosphatic  limestones,  deriving  their  phos- 
phates in  all  probability  from  phosphatic  brachiopods,  such  as  lingula. 

1  SCO  Clarke  and  Wheeler,  Prof.  Paper  U.  S.  Geol.  Snrvey  No.  102, 1917,  pp.  18, 19. 

« Idem,  vol.  42, 1S86,  p.  325. 

»  Kl^m.  Soc.  ing^.  cl\ils,  -Vugust,  l«)7,  p.  193.  -Vnalyses  of  Algerian  phosphates,  by  H.  and  A.  Ualbot, 
are  given  in  Compt.  Rend. ,  \'ol.  121, 1895,  p.  442.  The  phosphorites  of  Tunis  arc  described  by  P.  Thomw 
in  Bull.  Soc.  g^l.  France,  3d  ser.,  vol.  19,  1891,  p.  370.  See  also  O.  Tiette,  Zeitschr.  praKt.  Geologie, 
1907,  p.  220,  on  the  phosphates  of  Tunis  and  Algeria.  Tietie  gives  numerous  references  to  thelltcratare  of 
thcsedeposits.    Sec  also  C.  Pilotti,  Pub.  Corpo  realedclle  mlciere,  Rome,  1908. 

4  Proc.  Boston  Soc .  Nat .  Hist .,  vol .  13 ,  1S70,  p .  222 ,  and  also  later  in  the  introduction  to  R .  A .  F .  Peorom^ 
Bull.  U.  S.  Geol.  Survey  No.  46.  1888.  For  other  matter  relative  to  the  South  Carolina  phosphates,  see 
O.  A.  Moses,  Mineral  Resources  U.  S.  for  1882,  U.  S.  Geol.  Survey,  1383,  p.  504;  P.  E.  Chasal,  Sketch  of  the 
South  Carolina  phosphite  industry,  Charleston,  1904;  F.  Wj-att,  The  phosphates  of  America,  New  York 
1S91;  and  C.  C.  H.  Millar,  Florida,  South  Carolina,  and  Canadian  phospliates,  TxHidon,  1892.  The  earlier 
literature  is  well  summed  up  in  Penrose's  bulletin. 

'"  See  publications  of  the  I'.  8.  Clool.  Survey  as  follows:  C.  W.  Hayes,  Sixteenth  Ann.  Rept.,pt.  4, 1895, 
p.  010;  Seventeenth  Aim.  Rcpt.,pt.  2, 1896, p.  539;  Twentieth  Ann.  Rept.,pt.  O,cont.,  1899,p.  033;  Twenty, 
first  Ann.  Rept.,pt.  3, 1901, p.  473;  and  Bull.  No.  213, 1903,  p.  418.  L.  P.  Brown.  Nineteenth  Ann.  Rept., 
pt.  6,  cent.,  189S,  p.  547.  E.  C.  Eckel,  Bull.  No.  213,  1903,  p.  421.  The  latest  discussion,  by  Hayes  and 
E.  O.  Ulrich,  is  given  in  (7ool.  Atlas  U.  S.  Folio  95, 1903.  See  also  T.  C.  Meadov.s  and  L.  Brown,  Trans. 
Am.  Inst.  Mln.  Eng.,  vol.  24, 1895,  p.  582;  Hayes, idem,  vol.  25, 1896,  p.  19;  J.  M.  SaflTord,  Am.  Geologist, 
vol.  18, 1890,  p.  201;  and  W.  15.  Phillips,  Eng.  and  Min.  Jour.,  vol.  67, 1891,  p.  417. 
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Some  bones  and  teeth  of  Devonian  fishes  are  also  found  in  these  beds. 
The  limestones  then  were  subjected  to  the  leaching  process,  which 
removed  carbonates,  leav^ing  a  mixture  of  phosphates,  clay,  and  iron 
hydroxide.  The  soil  thus  formed  was  again  concentrated  by  mechan- 
ical washing,  the  moving  waters  carrying  away  the  clay  and  finer  silt 
from  the  heavier  phosphatic  nodules.  Some  phosphates  were  also 
dissolved  by  percolating  waters,  to  be  precipitated  as  a  secondary 
deposit  in  the  underlying  limestones,  or  concentrated  in  limestone 
caverns. 

The  phosphorites  of  Arkansas,*  which  occur  in  an  interval  between 
the  Lower  Silurian  and  '*  Lower  Carboniferous,"  are  probably  of 
similar  origin  to  those  of  Tennessee.  At  some  localities  in  Arkansas, 
however,  phosphates  occur  as  bands  of  pebbles  in  Cretaceous  beds, 
sometimes  associated  with  greensand.  This  association  and  also 
the  neighborhood  of  manganese  ores  are  strongly  suggestive  of  the 
similar  association  of  these  substances  in  the  deep-sea  deposits  de- 
scribed by  Murray  and  Renard.  The  same  processes  were  followed 
in  both  the  ancient  and  the  modern  seas. 

Phosphorites  and  phosphatic  marls  are  found  at  many  other  points 
in  the  southeastern  parts  of  the  United  States,  but  they  probably  all 
originated  in  the  same  way,  at  least  so  far  as  chemical  processes  are  ^ 
concerned.     Tlie  mechanical  transportation  of  phosphatic  silt  and  its     I 
accumuUtion  in  hollows  or  depressions  have  doubtless  happened  in    / 
many  instances,  but  have  no  chemical  significance.     In  the  Florida    V 
field,  as  described  by  G.  H.  Eldridge,'  every  step  of  phosphorite  for-     ) 
mation  seems  to  be  represented.     Phosphates  have  been  concentrated     | 
from  lines  tones  and  also  by  mechanical  washing;  they  have  formed     ; 
secondary  replacements,  and  some  were  deposited  from  solution. 
The  following  analyses  were  made  by  George  Steiger  in  the  laboratory 
of  the  United  States  Geological  Survey,  upon  material  collected  by 
Eldridge.     They  show  the  variability  of  the  Florida  rock,  a  variability 
observed  in  all  other  regions. 

»  See  J.  C.  Branner,  Trans.  Am.  Inst.  Min.  Eng.,vol.  26, 189C,p.  580;  also  Brenner  and  J.  F.  Newsom,  Bull. 
Arkansas  Agr.  Exp.  Sta.  No.  74,  and  A.  H.  Purdue,  Bull.  U.  8.  Geol.  Surs^ey  No.  315, 1907,  p.  463.  Th« 
Devonian  black  phosphates  of  the  P>'Tenees,  described  by  D.  I^vat  (Annales  des  mines,  9th  ser.,  vol.  15, 
1899,  p.  4),  are  also  comparable  with  those  of  Tennessee  and  Arkansas. 

« Trans.  Am.  Inst.  Min.  Eng.,  vol.  21, 1893,  p.  196.  See  also  W.  B.  M.  Davidson,  idem,  p.  139.  Eldridge 
cites  a  number  of  incomplete  analyses  of  Florida  phosphates  by  T.  M.  Chatard,  aH  made  in  the  Survey 
laboratory .  Other  papers  on  the  Florida  phosphates,  by  E .  T .  Cox ,  G .  M.  Wells ,  and  E .  W.  Codington,  may 
be  found  in  Trans.  Am.  Inst.  Min.  Eng.,  vol.25, 1890,  pp.  36, 163, 423;  also  one  by  N.  A.  Pratt,  in  Eng.  and 
Mhi.  Jour.,  vol.  53,  1S92,  p.  380.  See  also  E.  H.  Sellards,  Third  Ann.  Rept.  Florida  State  Gecj.  Survey. 
19U9-10,  and  G.  C.  Matson,  Bull.  U.  S.  Geol.  Survey  No.  604, 1915. 
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Analyses  of  Florida  phosphates. 


A.  From  near  Suimyside,  Taylor  County. 

B,  C.  From  Lumville  district,  Suwannee  County. 
D.  From  Albion  district,  Levy  County. 


TiOu.. 

AlA- 
FeoO, 

Ca6. 

MgO.. 

K2O.. 

NajO. 


HjOatlOS^ 
Ignition 


Lesa  0 


Organic  C 


A 

B 

c 

3.44 

5.36 

10.63 

.13 

.26 

.86 

1.49 

5.41 

12.42 

1.43 

2.86 

2.90 

48.81 

42.13 

30.93 

.23 

.47 

.29 

Trace. 

None. 

.20 

Trace. 

None. 

.27 

35.93 

33. 37 

30.35 

2.71 

2.15 

1.72 

.10 

.09 

.13 

2.55 

2.10 

1.95 

.90 

1.84 

1.27 

1.98 

4.76 

7.69 

99.70 

100.80 

101.61 

1.05 

.88 

.82 

98.65 

99.92 

100.79 

.18 

.12 

D 


1 


10.51 
.58 

21.17 
3.10 

23.95 
.15 

.40 

25.38 

2.14 

.15 

1.42 

1.27 

10.35 


100.57 
.60 

99.97 
.22 


A  comparatively  new  phosphate  field,  one  of  the  largest  if  not 
actually  the  largest  known,  occupies  considerable  areas  in  Idaho, 
Montana,  Wyoming,  and  Utah.  It  is  generally  agreed  that  these 
phosphates  are  original  marine  deposits,  and  G.  R.  Mansfield  *  re- 
gards them  as  having  been  laid  down  as  aragonitic  oolites,  which 
were  afterward  phosphatized  by  ammonium  phosphate  developed  by 
the  bacterial  decay  of  marine  organisms.  The  phosphatization  of 
coralline  limestones  by  solutions  derived  from  guano,  a  process  which 
has  already  been  considered,  is  essentially  like  that  postulated  by 
Mansfield.  J.  T.  Pardee,^  however,  in  the  Garrison  and  Philipsburg 
fields,  Montana,  found  phosphatized  shales  and  sandstones  to  which 
Mansfield's  theory  does  not  easily  apply.  That  the  phosphorus  came 
originally  from  living  organisms  he  fully  recognizes.'  The  following 
partial  analyses  of  rock  from  this  region  are  by  G.  Steiger: 

»  Ara.  Jour.  Sn.,  4th  ser.,  vol.  46,  1918,  p.  891. 
«  Bull.  U.  S.  Gool.  Survey  No.  640,  1917,  p.  195. 

>  For  other  details  relative  to  the  western  phosphate  fields,  see  Bull.  U.  S.  Qeol.  Survey  Nos.  315, 340, 430, 
470,  Mi,  and  5S0. 
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AnalystM  of  western  phosphata. 


A.  2i  miles '«**of  Coke vUle,  Wyoming. 
D.  Dimellim  lode,  8  miles  southwest  of  Sage,  Utah. 
C.  Klslnore  claim,  3  miles  west  of  Devils  Slide,  Utah. 
T>.  Eight  miles  southeast  of  Georgetown,  Idaho. 


Inflohiblc 

8iO« 

Al,6,.... 
F^,. ... 

MgO 

CaO 

NfuO.... 

Kfi 

BLO-    . 

h:oh-.. 

W, 

I6^!.::: 

F 

CI 


A 


2.62 

.46 

.97 

.40 

.35 

48.91 

.97 

.34 

1.02 

1.34 

2.42 

33.61 

2.16 

.40 

Trace. 


95.97 


B 


1.82 
.30 
.50 
.26 
.22 
50.97 

2.00 
.47 
.48 
.57 

1.72 
36.35 

2.98 

.40 

Trace. 


99.04 


c 


9.40 

Undet. 

.90 

.33 

.26 

46.80 

2.08 

.58 

.61 

.75 

2.14 

32.05 

2.34 

.66 

Trace. 


98.90 


D 


10.00 

None. 

.89 

.73 

.28 

45.34 

1.10 

.48 

1.04 

1.14 

COO 

27.32 

1.59 

.60 

Trace. 


96.51 


Note. — For  other  data  on  American  phosphates  see  R.  A.  F.  Penrose,  Bull.  U.  S. 
Gcol.  Surv'oy  No.  46, 1888,  and  also  the  following  publications:  Fhoephatee  and  marb 
of  Alabama,  E.  A.  Smith,  Bull.  Geol.  Survey  Alabama  No.  2, 1892;  and  W.  C.  Stubb.s, 
Mineral  Resources  U.  S.  for  1883-84,  U.  S.  Geol.  Survey,  1885,  p.  794.  The  Alabama 
localities  yield  phosphatic  marls  and  greensands  of  Cretaceous  age.  S.  W.  McCaUie, 
Phosphates  and  marls  of  Georgia:  Bull.  Geol.  Suney  Georgia  No.  5-A,  1896.  D.  T. 
Day,  North  Carolina  phosphates:  Mineral  Resources  U.  S.  for  1883-84,  U.  S.  Geol. 
Survey,  1885,  p.  788.  M.  C.  Ihlseng,  Phosphates  of  Juniata  County,  Pennsylvania: 
Seventeenth  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3,  1896,  p.  955. 

For  phosphorite  in  Japan  see  K.  Tsuneto,  Chem.  Zeitung,  vol.  23,  1899,  pp.  800, 
825.  This  phosphate  occurs  in  Miocene  sandstone  and  contains  some  glauconite. 
Good  analyses  are  given. 

On  phosphate  rock  in  New  Zealand  see  A.  R.  Andrew,  Trans.  New  Zealand  Inst., 
vol.  38,  1905,  p.  447.  On  Christmas  Island,  Indian  Ocean,  E.  W.  Skeats,  Bull.  Mus. 
Comp.  Zool.,  vol.  42,  1903,  p.  103.  On  nodules  in  eastern  Thuringia,  J.  Lehder, 
Neues  Jahrb.,  Beil.  Band  22,  1906,  p.  48.  On  French  phosphates,  A.  Nantier, 
Compt.  Rend.,  vol.  108, 1889,  p.  1174;  and  H.  Lasne,  Bull.  Soc.  g^l.  France,  3d  ser., 
vol.  18,  188^90,  p.  441.  On  Russian  phosphorites,  W.  Tschirwinski,  Neues  Jahrb., 
1911,  Band  2,  p.  51.  There  are  also  elaborate  reports,  in  Russian,  by  J.  V.  Samoilov. 
For  reference  see  Mineralog.  Mag.,  vol.  18, 1917,  p.  87.  See  also  a  work  by  C.  Elsch- 
nor,  Die  corallogeno  Phosphat-Inseln  Austral-Oceaniens,  Lfibeck,  1913,  and  an 
address  by  J.  J.  H.  Teall,  Proc.  Geologists'  Assoc.,  1900,  p.  369. 

FERRIC  HYDROXIDES. 

An  important  class  of  products,  derived  from  tlio  decomposition 
of  rocks,  is  that  which  includes  the  oxides  and  hydroxides  of  iron 
and  manganese.  The  residual  deposit  of  ferric  hydroxide,  known 
as  laterite,  has  already  been  described:  other  modes  of  occurrence 
remain  to  be  considered  now. 
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Several  hydroxides  of  iron  have  been  given  definite  rank  as  mineral 
species.     They  are : 

Tuigite 2Fe203.H20.  Contaiiw  94.6  per  cent  PejOs. 

Goethite FeaOa.HjO.  ContaiiiB  89.9  per  cent  Fefi^. 

limonite 2Fe203.3n30.  Contains  85.5  per  cent  re203. 

Xanthosiderite Fe208.2H20.  Contains  81.6  per  cent  FcaOj. 

Liranite FeaOj.SHjO.  Contains  74.7  per  cent  FejO,. 

Of  these  only  one,  goethite,  is  crystalline ;  the  others  are  amorphous, 
and  all  sorts  of  mixtures  between  them  are  hkely  to  occur.^  They 
are  also  often  admixed  with  siderite,  FeCO,,  which  is  itself  an  impor- 
tant ore  of  iron.  Other  impurities  are  sand,  clay,  calcium  and  mag- 
nesium carbonates,  aluminum  hydroxides,  manganese  compounds, 
phosphates,  such  as  vivianite,  organic  matter,  etc.  Some  of  the 
rarest  metals — Uke  gallium,  indium,  thallixun,  and  rubidimn — are 
also^  veiy  commonly  present  in  ores  of  this  class,  but  only  in  minute 
traces.  They  have  been  detected  spectroscopically.^  From  an  eco- 
nomic point  of  view  all  of  these  minerals  are  grouped  together  &s 
hmonite,  for  the  reason  that  that  species  is  by  far  the  most  abundant 
and  forms  large  ^ore  bodies. 

The  processes  by  which  deposits  of  ferric  hj'droxide  are  produced 
have  already  been  partly  indicated.  Residual  deposits  may  be 
formed,  as  in  the  case  of  laterite,  or  as  represented  by  the  gossan 
caps  over  bodies  of  sulphide  ores.  Great  outcrops  of  such  ores, 
especially  of  pyrite  or  chalcopyrit^,  are  often  altered  to  a  considerable 
depth  into  masses  of  porous  limonite.  Pseudomorphs  of  limonite 
after  pyrite  are  exceedingly  common.^  When  sulphides  containing 
iron  are  thus  oxidized,  some  iron  is  removed  in  solution  as  sulphate, 
from  which  it  may  be  precipitated  later  as  hydroxide.  Carbonated 
waters  also  extract  iron  from  sihcate  rocks  or  from  disseminated 
magnetite,  again  forming  solutions  from  which  limonite  may  be 
deposited.  The  rusty  sediments  around  chalybeate  springs  are 
illustrations  of  the  latter  process.  The  manganiferous  iron  ores  of 
the  Cuyuna  district,  Minnesota,  according  to  E.  Newton,*  are  partly 
formed  by  the  alteration  of  an  amphibole-magnetite  rock  and  partly 
by  leaching  of  ferruginous  chert  by  alkaline  solutions. 

Organic  acids  also  assist  in  the  solution  of  ferrous  compounds  and 
furnish  to  swamp  waters  the  material  from  which  bog  iron  ores  are 
formed.  Stagnant  swamp  waters  are  often  covered  by  iridescent 
films  of  ferric  hydroxide,  produced  by  atmospheric  oxidation  of 
ferrous  carbonate,  in  visible  exompKfication  of  the  process  described 

1  Perhaps  Iho  hydrosoothitc,  3Fc20a.4H20,  of  P.  A.  Zozz^jatscdiensky  (Zeitschr.  Kryst.  Min.,  vol.  20, 
p.  IHo)  is  such  a  inUturo. 

-  Sec  W.  N.  Hartley  and  H.  RamaeCf  Jour.  Cbcra.  Soc.,  vol.  71, 1896,  p.  533. 

^  On  the  pyritic  origin  of  iron  ores  see  U.  M.  Chance,  En^.  Min.  Jour.,  vol.  86,  lOOS,  p.  40S,  and  Trans. 
Am.  Inst.  Min.  En<^.,  vol.  30, 1900,  p.  522.    Chaiico  regards  this  origin  as  very  generaL 

«  Bull.  Na  5,  Minnesota  Schorl  of  Mines  £xp.  Station,  1918. 
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above.  The  foUowing  analysis  of  a  spring  water  which  rises  under 
a  layer  of  ore  at  Ederveen,  Netherland,  is  cited  by  Van  Bemmelen  * 
to  indicate  the  source  from  which  the  iron  oxides  were  derived.  The 
figures  refer  to  milligrams  per  liter. 

Analysis  of  spring  water  at  Edaveenj  Netherlands, 

SO4 0.9 

H3PO4 10.9 

CO3 207.6 

SiOj 18.0 

Organic 66.0 


Ca 107.6 


Mg.. 

Fe... 

Mn.. 

K... 

Na... 

AI2O3. 

CI... 


5.6 
19.6 
11.4 

0.9 
10.0 

3.3 
15.2 


467.0 


From  waters  of  this  kind  deposits  are  formed  under  swamps  and 
bogs  as  an  impervious  hardpan,  and  also  frequently  in  lakes  or  ponds. 
Their  formation  is  sometimes  very  rapid,  and  instances  are  cited  by 
A.  Geikie  *  of  Swedish  lakes  in  which  layers  of  bog  ore  several  inches 
thick  accumulated  in  the  course  of  26  years.  According  to  N.  S. 
Shaler,^  bog  ores  are  most  abundant  along  the  margins  of  swamps, 
and  often  wanting  at  the  centers.  When  the  waters  deposit  their 
load  in  presence  of  much  carbonic  acid  or  decaying  organic  mat- 
ter, the  carbonate,  siderite,  is  laid  down;  but  where  the  air  has  free 
access  limonite  is  produced.  In  muddy  waters  the  silt  goes  down 
with  the  iron  compounds,  forming  clay  ironstone;  and  the  black  band 
ores  of  the  coal  measures  represent  what  was  once  a  carbonaceous 
mud.*  In  many  cases  the  decomposition  of  ferrous  carbonate  solu- 
tions is  effected  or  aided  by  the  so-called  ''iron  bacteria,''  which  absorb 
the  iron  and  redeposit  it  later  as  ferric  hydroxide.'  These  organisms 
are  found  in  the  ground  water  and  the  soil.  From  sulphate  solutions 
the  iron  may  be  precipitated  by  carbonates,  phosphates,  or  by  organic 
matter  contained  in  admixed  waters.  Ferrous  sulphate  first  oxidizes, 
yielding  ferric  hydroxide  and  insoluble  basic  salts. 

Beds  of  limonite  sometimes  represent  a  different  mode  of  origin 
from  those  just  described.    R.  A.  F.  Penrose  •  suggests  that  in  some 

>  J.  M.  van  Bemmelen,  C.  Hoitsema,  and  E.  A.  Klobbie,  Zeitschr.  anorg.  Chcmie,  vol.  22, 1900,  p.  337. 
Analysis  by  O.  Moll  van  Charante.    The  phosphoric  acid  of  the  water  goes  to  the  formation  of  vivianite. 

*  Text-book  of  geology,  4th  ed.,  p.  187. 

•  Tenth  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  1, 1890,  p.  305. 

*  The  literature  of  these  ores  is  very  abundant  and  voluminous.  See  especially  F.  M.  StapfT,  Zdtscbr. 
Deutsch.  geol.  Gesell.,  vol.  IS  l«i5,  p.  86;  J.  S.  Newberry,  School  of  Mines  Quart.,  vol.  2,  1880,  p.  1; 
H.  Sjogren,  Neues  Juhrb.,  1893,  Band  2,  p.  273,  ref.;  J.  H.  L.  Vogt,  Zeitschr.  prakt.  Geologie,  1894, p.  30, and 
189.'),  p.  38;  O.  Reindcrs,  Vcrhandl.  Akad.  Wet.  Amsterdam,  sec.  2,  vol.  6,  No.  6;  A.  Oaertner,  Ardu 
Vcr.  Mecklenburg,  vol.  51,  1897,  p.  73;  and  J.  M.  van  Bemmelen,  Zeitschr.  anorg.  Chemie,  vol.  22, 1900, 
p.  313.  On  the  origin  of  bog  iron  ore  see  also  E.  J.  Moore,  Econ.  Geology,  vol.  5«  1910,  p.  628,  and  C.  L. 
Dake,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  53, 1916,  pp.  106, 110. 

» See  Van  Bemmelen,  loc.  cit.;  G.  Tolomei,  Zeitschr.  anorg.  Chemie,  vol.  5, 1894,  p.  102;  and  anthorltles 
cited  by  C.  R.  Van  Hise,  A  treatise  on  metamorphism:  Mon.  U.  S.  Geol.  Survey,  vol.  47, 1904,  p.  826.  Abo^ 
E.  M.  Mumford,  Jour.  Chem.  Soc.,  vol.  103, 1913,  p.  645.  AIsoW.  D.  Francis,  Proc.  Roy.  SocQuMOStalda 
vol.  28, 1919,  p.  80,  and  E.  C.  Harder,  Prof.  Paper  U.  8.  Geol.  Survey,  No.  113, 1919. 

•  Ann.  Rept.  Geol.  Survey  Arkansas,  vol.  1, 1892,  p.  124.  See  also  L.  Cayeaz,  Compt.  Bend.*  vol.  MS, 
Ja»,p,805, 


THE  DECOMPOSITION  OF  ROCKS.  529 

cases  limonite  has  been  derived  from  glauconite  by  a  process  of  alter- 
ation. It  may  be  formed  by  pseudomorphous  replacement  of  lime- 
stones, when  solutions  of  iron  compoimds  percolate  through  them.* 
Ferriferous  limestone,  also,  may  yield  residuary  deposits  of  limo- 
nite, the  oxidation  of  ferrous  carbonate  and  the  solution  of  calcium 
carbonate  going  on  at  the  same  time.  The  Clinton  ores  are  regarded 
by  A.  F.  Foerste  *  as  formed  by  the  replacement  of  lime  in  bryozoan 
remains ;  although  C.  H.  Smyth  '  has  shown  that  in  the  oolitic  varie- 
ties each  spherule  is  made  up  of  concentric  layers  around  a  nucleus 
of  quartz.  He  argues  that  the  ores  were  deposited  in  the  shoal  waters 
of  the  Silurian  sea,  presumably  upon  a  sandy  bottom.  The  essential 
process,  however,  precipitation  from  solution,  whether  by  oxidation, 
by  organic  matter,  or  by  carbonate  of  lime,  is  the  same  in  aU  cases. 
The  iron  was  dissolved,  in  the  first  instance,  from  ferruginous  rocks, 
and  then  thrown  down  by  any  one  of  the  several  reactions  indicated. 
The  iron  ores  of  eastern  Cuba  *  are  essentiaiDy  lateritic  in  character, 
being  residues  from  the  decomposition  of  serpentine,  and  the  same  is 
true  of  the  Clealum  ores  in  the  State  of  Washington.^ 

The  precipitated  hydroxides  of  iron  vary  much  in  character  and 
appearance,  and  their  exact  chemical  nature,  despite  the  plausible 
formulse  assigned  to  some  of  the  minerals,  is  by  no  means  clear.  In 
color  they  range  from  yeUow  through  various  shades  of  brown  and 
red,  and  in  texture  they  differ  as  widely.  J.  M.  van  Bemmelen  • 
regards  them  as  coDoidal  complexes  of  ferric  oxide  and  water,  to 
which  chemical  formulae  are  not  properly  applicable;  and  the  same 
view  is  held  by  him  concerning  the  humus  acids  and  the  so-caDed 
ferrohumates.'  According  to  P.  Nicolardot,®  however,  whose  inves- 
tigation is  most  recent,  ferric  hydroxide  exists  in  at  least  six  modi- 
fications which  differ  in  their  physical  and  chemical  properties  and 
in  their  content  of  water.  They  are  all,  he  says,  polymers  of  the 
simplest  hydroxide. 

»  See  J.  P.  Kimball,  Am.  Jour.  Sci.,  3d  ser.,  vol.  42, 1891,  p.  231.  See  also  C.  W.  Hayes,  Trans.  Am.  Inst 
Min.  Eng.,  vol.  30, 1900,  p.  403;  Hayes  and  E.  C.  Eckel,  Bull.  U.  S.  Geol.  Survey  No.  213, 1903,  p.  233;  and 
8.  W.  McCallle,  Bull.  No.  10-A,  Geol.  Survey  Georgia,  1900,  p.  19,  on  the  iron  ores  of  that  State. 

« Am.  Jour.  Sci.,  3d  sor.,  vol.  41, 1891,  p.  28. 

•  Idem,  vol.  43, 1892,  p.  487. 

<  See  A.  C.  Spencer,  Bull.  U.  S.  Geol.  Survey  No.  340, 1908,  p.  318;  C.  M.  Weld,  Trans.  Am.  Inst  HlxL 
Eng.,  vol.  40, 1909,  p.  299;  C.  K.  Leith  and  W.  J.  Mead,  idem,  vol.  42, 1911,  p.  90,  and  vol.  53, 1916,  p.  75. 
See  also  W.  E.  Pratt,  idem,  p.  101,  and  J.  F.  Kemp,  Bull.  Am.  Inst.  Min.  Eng.,  Feb.,  1915,  p.  129.  On 
other  lateritic  ores  sec  W.  G.  Miller,  Rept.  Ontario  Bur.  Mines,  No.  26,  p.  318. 

•  Soe  G.  O.  Smith  and  B.  Willis,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  30, 1901,  p.  356. 

•  Rec.  trav.  chim.,  vol.  7, 1888,  p.  106;  vol.  18,  1S99,  p.  86;  Zcitschr.  anorg.  Chemie,  vol.  20, 1899,  p.  185, 
vol.  22, 1900,  p.  313,  vol.  42, 1904,  p.  281.  Also  J.  M.  van  Bemmelen  and  E.  A.  Klobbie,  Jour,  prakt.  Chemie, 
2d  ser.,  vol.  46, 1892,  p.  529. 

'  See  also  W.  Spring,  Bull.  Acad.  roy.  sci.  Belgique,  3d  ser.,  vol.  34, 1897,  p.  578,  on  the  relations  of  humus 
to  iron  In  natural  waters,  already  cited  on  p.  502,  ante.  The  same  subject  has  recently  been  discussed 
by  O.  Aschan,  Zeitschr.  prakt.  Gcologie,  vol.  15, 1907,  p.  56. 

•  Annales  chim.  phys.,  8th  ser.,  vol.  6, 1905,  p.  334.  Nicolardot  cites  many  references  to  former  investiga- 
tions upon  the  precipitated  hydroxides.  See  also  Otto  Ruff,  Ber.  Deutsch.  chem.  Gesell.,  vol.  34, 1901, 
p.  3417. 

113750**— 1^— Bull.  695 34 
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From  what  has  been  said  in  the  preceding -paragraphs,  it  is  evidmt 
that  the  composition  of  sedimentary  iron  ores  must  range  between 
widely  separated  limits.  They  may  be  mainly  ferrous  carbonate, 
either  crystalline  or  amorphous,  or  principally  limonite,  with  all  sorts 
of  admixtures  of  other  substances.  The  following  analyses  of  bog. 
ore,  "raseneisenstein/'  from  Ederveen,  are  given  in  the  memoir  by 
J.  M.  van  Bemmelen,  C.  Hoitsema,  and  E.  A.  Elobbie.*  Tbese  varia- 
tions are  shown  in  ore  from  a  single  locality,  and  the  substances  men- 
tioned are  mostly  crystalline.  The  Fc,0,  represents  the  amorphous 
variety. 

A  na  hjsfs  of  hog  ore . 
A.  By  (i.  Rdndcrs.    B.  By  E.  A.  Klohbio.    C.  By  F.  M.  Jfigcr.    D.  By  C.  IT.  Kottner. 


Fe-O, 

FeCOg 

MnCO^ 

CaCO, 

MgCO, 

Fe5(P0,), 

CaSO^ 

ALO, 

KC) 

NaCI 

SoliihlciSiO,... 

Sand :... 

Oi-panic  maticr. 
lloOatlOO^.... 
H.O,  ignition.. 


B 


10.58 

20.77 

4.04 

2.27 

.17 

4.30 


) 


.07 
.93 
.03 
.23 

49.30 

1.^07 
3.68 
2.06 


100.00 


2.49 
37.70 

.67 
4.46 

.10 


1.76 


.21 

Trace. 

Trace. 

,82 

50.02 

.03 

.95 

1.12 


8.0 
30.6 


4.0 
2.9 


1 


49.1 
1.8 
3.3 


36.49 
6.12 
2.91 
4.10 
.21 
6.47 
1.76 


100.32 


99.7 


.60 

Trace. 

Trace. 

6.30 

19.30 

1.20 

12.10 

4.00 


100.50 


The  subjoined  analyses  of  limonitic  bog  iron  from  Mittagong, 
Australia,  arc  cited  by  A.  Liversidge.^  They  are  quite  different  from 
those  shown  in  the  preceding  group. 

Analyses  of  Australian  bog  ores. 
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68.37 
4.  03 
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Trace. 

Trace. 
14.10 

Trace. 

Trace. 
3.00 
9.72 

57.61 

24.30 

6.41 

Trace. 

Trace. 

Tiice. 

Trace. 

1.20 

10.38 

74.71 

3.04 

Trace. 

.43 

Trace. 

10.10 

Trace. 

Trace, 

2.20 

9.70 

65.84 

A1,0, 

4.49 

A^Ajv^g  ...................... 

MnO 

1.40 

MffO 

.48 

CaO 

Trace. 

SiOo 

14.27 

p,o. 

.25 

863! 

.11 

H«0.  hvffToecopic 

2.30 

HoO.  combined 

10.86 

99.  82 

99.90 

100.18 

100.00 

» Zcitschr.  anorg.  Chemie,  vol.  22, 1900,  p.  319. 

s  Minerals  of  New  South  Wales,  p.  90.    The  analyses  were  made  by  the  *'govenixiiMit  meaStfA,** 
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MANOANESB  OR£S. 

Manganese,  Hke  iron,  is  also  dissolved  out  from  the  crystalline 
rocks,  in  which  it  is  almost  invariably  present,  and  by  the  same  agen- 
cies. It  may  go  into  solution  as  sulphate,  or  as  carbonate,  to  be  rede- 
posited  as  carbonate,  oxide,  or  hydroxide,  under  varioua  conditions 
and  in  a  variety  of  forms.  A  deposition  as  dioxide,  Iqrdrous  or 
anhydrous,  is  very  common  and  is  often  seen  in  the  dendritic  infiltra^ 
tions  which  occur  in  many  rocks  and  in  the  black  coatii^  which  some- 
times cover  river  pebbles  or  surroimd  manganif erous  mineral  springs. 
Nodules  consisting  chiefly  of  manganese  dioxide  are  abundant  on 
the  bottom  of  the  deep  sea,  as  described  in  a  previous  chapter,^ 
aivd  similar  nodular  forms  have  been  observed  that  were  of  recent 
terrestrial  origin.  May  Thresh  *  discovered  small  hard  black  nodules 
resembling  seeds  in  the  boulder  clay  of  Essex,  England;  and  similar 
bodies  were  found  by  W.  M.  Doherty  *  on  the  surface  of  the  ground 
in  Australia. 

Manganese  differs  from  iron,  however,  in  its  degree  of  oxidation. 
Ferrous  oxide  and  hydroxide,  as  such,  are  unknown  in  natxu*e;  but 
manganosite,  MnO,  and  pyrochroite,  Mn(0H)2,  are  well-known  min- 
erals. Manganite,  ISnfi^JH^O,  corresponds  in  type  with  goethite 
and  diaspore;  and  hausmannite,  Mns04,  is  the  equivalent  of  magnet- 
ite, although  the  two  species  are  crystaJlographically  imlike.  Polia- 
nite  and  p3Tolusite,  two  crystallized  forms  of  the  dioxide,  MnO^  are 
not  matched  by  any  compound  of  iron,  and  this  oxide  forms  the 
chief  manganese  ore.  Braunite,  to  which  the  formula  SMn^O^MnSiO, 
is  assigned,  is  also  a  crystallized  mineral,  but  its  composition,  as 
shown  by  analyses,  is  somewhat  variable.  The  hydrous  peilomelane, 
of  uncertain  constitution,  is  often  associated  with  pyrolusite,  and 
aUied  to  it  are  many  varieties  which  have  received  distinct  names. 
These  latter  ores  are  amorphous,*  and  probably  represent  colloidal 
complexes,  such  as  were  mentioned  in  connection  with  the  sedimen- 
tary ores  of  iron.  The  f  ollo^ving  analyses  represent  substances  in  this 
class,  ranging  from  the  crystalline  pyrolusite  to  the  earthy  wad,  or 
bog  manganese,  the  cupriferous  lampadite,  etc. 

■  See  p.  132,  ante. 

t  Jour.  Cbem.  8oe.,  vol.  82.  pt.  2,  reC.  567, 1902. 

*  Rept.  Australasian  Assoc.  Adv.  Sci.,  180$»  p.  339. 

*  Acoortifxig  to  A.  Gorgen  (Ball.  Soc.  min.,  vol.  13, 1890,  p.  27),  the  varietr  Imown  as  wad  is  sometimes 
crystaUiaed. 
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Analyses  of  manganese  oru. 

A .  PjroludU,  Crimora  mine,  Augufta  County,  ViifiiiJa.    Analysb  by  J.  L.  Jannan,  Am. 
Tol.  ll,18H0,p.39. 

B.  PfUomelane,  near  Silver  Cliff,  Cokxado.  Analyaii  by  W.  F.  HUkbcand,  BnU.  U.  8.  Gaol.  Survey 
No.  220, 1903,  p.  22. 

C.  PBllomelane, RomantelM,  Fiaaoe.  Analystoby  A.Gofsea,  Bon.8oc.ixiin.,Tol.lS,1800,p.ll.  Partiy 
lacalculated  from  the  orlglzial. 

D.  Wad,  Romaotehe,  Fraooe.  Analysis  by  OofKeo,  idem,  p.  27.  'Partly  reoslcnktad.  Goffso  ghrvt 
many  analyses  of  natural  oxides  and  hydroxides  of  manganese.  See  Boll.  Soc.  min.,  vol.  IS,  UBO,  p.  Si; 
▼ol.  10, 1^*98,  pp.  90, 133.    Also  Bull.  Soc.  chlm.,  3d  ser.,  vol.  9. 1S08,  pp.  490,  OiSO. 

E.  Varvidte,  AustlnTllle,  Wythe  Coonty,  Virginia.  Analysis  by  P.  H.  Walker,  Am.  Chem.  Jour., 
▼01.10,1880,  p.  41. 

F.  I4anpadit«,  or  kpfdophtplte,  Kamsdorf,  Tharlngia.  Analysis  by  Jenkins,  for  A.  Webbadi,  Nenes 
Jahrb.,  1880,  Band  2,  p.  ira.    This  mineral  shows  exceptionally  high  hydration. 
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.29 
3.46 

.81 
1.41 
3.94 

'^r*^'  '  ' 

KjO 

.18 
.23 

1    2.08 

NaoO 

IIjO- 

j    6.08 

}    21.05 

11..0-f 

"i^  1 

Pj,o. 

Aa,0. 

**    <l      5"           • 

SboCK 

.12 

CaSO," 

'*  .40 

.80 
1.40 

SiO, 

2.30 

.25 
.15 

1.98 

InBohiblo 

.29 

99.  86 

100.00 

100.10 

99.80 

100.08 

100.89 

Asbolitc  is  an  earthy  psilomelane  containing  much  cobalt,  which  is 
a  common  impurity  in  manganese  ores.  Barium,  as  shown  in  the 
analyses,  is  also  a  frequent  constituent  of  them.  The  crystalline 
holianclite,  described  by  L.  L.  Fermor,*  contains  both  barium  and 
iron,  in  addition  to  the  manganese.  Coronadite,  an  oxide  of  man- 
ganese and  lead,  described  by  W.  Lindgren  and  W.  F.  Hillebrand,' 
is  a  mineral  of  similar  character.  The  minerals  of  this  class  are 
commonly  iiiterprotod  as  manganites,  that  is,  as  salts  of  manganous 
acid.     Their  definiteness  is  questionable. 

Those  sedimentary  ores,  and  the  similar  ores  produced  by  the  altera- 
tion of  manganiferous  minerals,  have  diverse  origins.     F.  R.  Mallet' 

»  Rcc.  (lool.  Survey  India,  vol.  36, 1908.  p.  295.  Vol.  37  of  the  Memoirs  of  the  same  Survey,  1909,  In 
parts.  i.s  ail  exhaustive  monograph  by  Fermor  on  the  manganese  ores  of  India.  In  it  be  desoribes  as 
ipecics  three  otlier  mixed  oxide  of  manganese  and  iron,  to  which  he  gives  the  names  vredeabiiisita, 
parite.  and  beldongrite. 

«  Am.  Jour.  Soi..  4th  ser..  vol.  IS,  19(M.  p.  448.  . 

'Rec.  (M>/.  Surrey  India,  vol.  12, 1879,  p.  99;  vol.  16,  ISSS,  p.  no. 
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has  observed  lateritic  pyrolusite  or  psilomelane  as  an  integral  portion 
of  some  Indian  laterites.  The  manganese  ores  of  Queluz,  Brazil, 
according  to  O.  A.  Derby,*  are  residual  deposits  derived  from  rocks 
in  which  manganese  garnet  was  the  most  constant  and  characteristic 
Silicate.  Bog  or  swamp  deposits  are  common,  and  so,  in  short,  the 
sedimentary  and  residual  ores  of  iron  are  very  fully  paralleled.  Only 
the  gossan  ores  have  no  true  manganic  equivalent.  The  sulphides 
of  manganese  are  relatively  rare,  and  their  oxidation  products  occur 
only  in  sporadic  cases  .^ 

Manganese  and  iron,  then,  are  dissolved  out  from  the  rocks  by  the 
same  reagents,  at  the  same  time,  and  in  essentially  the  dame  way. 
They  are  redeposited  under  similar  conditions,  but  not  absolutely 
together,  for  a  separation  is  more  or  less  perfectly  effected.  True, 
nearly  all  limonites  contain  some  manganese,  and  nearly  all  psilome- 
lanes  contain  some  iron;  but  in  very  many  cases  the  ores  of  the  two 
metals  are  thrown  down  separately.  How  is  the  separation  brought 
about?  To  this  question  various  answers  have  been  suggested,  but 
only  two  or  three  of  them  have  any  modem  significance. 

According  to  C.  R.  Fresenius,^  who  has  analyzed  the  deposits 
formed  by  the  warm  springs  of  Wiesbaden,  the  iron  is  precipitated 
first  as  ferric  hydroxide.  The  manganese  of  the  water  remains  in 
solution  much  longer  as  bicarbonate,  and  is  finally  laid  down  as  car- 
bonate as  an  impurity  in  calcareous  sinter;  that  is,  solutions  of 
manganese  carbonate  are  more  stable  than  solutions  of  ferrous  car- 
bonate, and  the  manganese  is  therefore  carried  farther.  A  partial 
separation  of  the  two  metals,  from  the  same  solution,  is  thus  effected. 

The  thermochemical  arguments  of  L.  Dieulafait  ^  are  quite  in  har- 
mony with  the  foregoing  observations,  and,  indeed,  help  to  explain 
them.  These  arguments  rest  upon  the  general  principle  that  when 
several  reactions  may  conceivably  take  place,  that  one  which  is 
attended  by  the  greatest  evolution  of  heat  will  occur.  The  thermo- 
chemical equations  used  by  Dieulafait  are  as  follows: 

2FeO  +  O  =  FeA  +  26.6  Cal. 
2MnO  4-  20  =  2Mn02  4-  2 1 .4  Cal. 

Hence,  if  oxygen  acts  on  a  mixture  of  FeO  and  MnO,  or  upon  sub- 

» Am.  Jour.  Scl.,  4th  ser.,  vol.  12, 1901,  p.  18. 

*  A  very  full  monograph  on  manganese  ores,  by  R.  A.  F.  Penrose,  forms  vol.  1  of  the  Annual  Report  of 
the  Arkansas  Geological  Survey  for  1890.  See  also  an  article  by  Penrose,  Jour.  Geology,  vol.  1, 1893,  p.  356. 
J.  D.  Weeks  has  reported  on  the  manganese  deposits  of  the  United  States  in  Mineral  Resources  U.  8.  for 
1882,  U.  S.  Geol.  Survey,  1893,  p.  171.  T.  L.  Watson  (Trans.  Am.  Inst.  Min.  Eng.,  vol.  34, 1904,  p.  207) 
has  described  the  manganese  ores  of  Georgia.  The  manganese  cure  of  Golconda,  Nevada,  which  contains 
tungsten,  is  interpreted  by  Penrose  (Jour.  Geology,  vol.  1, 1893,  p.  275)  as  probably  a  spring  deposit.  On 
the  carbonate  ores  of  Las  Cabesses,  in  the  Pyrenees,  see  C.  A.  Moreing,  Trans.  Inst.  Min.  Met.,  vol.  2, 1894, 
p.  250.  See  also  J.  U.  L.  Vogt,  Zeitschr.  prakt.  Geologie,  1906,  p.  217,  for  an  elaborate  paper  on  bog  man- 
ganese. Bull.  427  of  the  U.  8.  Geol.  Survey,  1910,  is  a  report  by  E.  C.  Harder  on  the  manganese  ores  of  the 
United  States. 

*  Cited  by  G.  Bischof,  Lehrbuch  der  chemischen  und  physikalischen  Geologie,  2d  ed.,  voL  l«^.  CiA^ 
«  Compt.  Rend.,  vol.  101, 1885,  pp.  609,  644,  676. 
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litancos  equivalent  to  them,  fenic  oxide  will  form  first  and  be  the 

more  stable. 

FeO  H- CO,  =  FCCO3  +  5.0  Cal. 

MnO  +  CO,  =  MnCO^  +  6.8  Cal. 

W  hen  carbon  dioxide  unites  with  these  oxides,  then^  the  manganese 
compound  will  form  first  and  be  the  more  stable.  If  oxygen  and 
carbon  dioxide  act  together  in  considerable  excess,  FejOj  and  MnO, 
will  both  be  formed ;  but  if  they  act  slowly,  in  small  quantities,  the 
oxygen  will  go  to  produce  FcjOg,  and  MnCO,  can  be  generated  at 
the  same  time.  The  manganese  carbonate,  being  somewhat  soluble, 
may  then  be  separated  from  the  ferric  oxide  by  leaching,  either  to 
be  deposited  as  carbonate,  or  perhaps  to  be  oxidized  to  MnO,  and 
CO,  later. 

In  the  last  of  Dieulafait's  papers  he  gives  the  heat  of  formation 
of  several  manganese  compounds: 

Mn  +  S,  22.  6  Cal. 

Mn  +  0,  47.4  Cal. 

Mn  +  0  +  CO„  54.2  Cal. 

Mn  +  0,,  58.1  Cal. 

« 

From  thase  figures  it  appears  that  the  dioxide  is  the  most  stable 
compound  in  the  series;  it  is  therefore  the  easiest  formed,  and  is  the 
principal  manganese  ore.  The  thermochcmical  and  geological  data 
are  in  complete  harmony. 

It  is  more  than  probable,  as  F.  P.  Dunnington  ^  has  shown,  that 
manganese  sulphate  plays  an  important  part  in  the  separation  of 
the  two  metals.  He  has  proved  experimentally  that  acid  solutions 
of  ferrous  sulphate,  such  as  are  formed  by  the  oxidation  of  pyrites, 
will  dissolve  manganese  oxides  to  a  very  marked  extent.  At  the 
same  time  ferric  sulphate  and  ferric  hydroxide,  under  favorable 
conditions,  may  also  be  formed.  In  contact  with  manganese  carbon- 
ate, in  presence  of  air,  fenous  sidphate  is  rapidly  oxidized,  pro- 
ducing manganese  sulphate,  ferric  hydroxide,  and  carbon  dioxide. 
Both  sulphates  of  iron  react  with  calcium  carbonate,  and  the  ferric 
salt  generates  carbon  dioxide,  ferric  hydroxide,  and  calcium  sul- 
phate. Manganese  sulphate  acts  but  little,  if  at  all,  upon  calcium 
carbonate,  if  protected  from  access  of  air;  hi  presence  of  air,  how- 
ever, manganese  oxide  is  gradually  foimed. 

From  these  reactions  it  is  easy  to  see  that  limestones  may  be  impor- 
tant factors  in  the  separation  of  manganese  and  iron.  Where  sul- 
phates of  two  metals  percolate  through  limestones,  the  iron 
will  be  by  far  the  more  easily  precipitated,  while  the  manganese  will 
remain  in  solution  until  it  is  exposed  to  both  air  and  calcium  carbon- 
ate simultaneously. 

» Am.  Jour.  Scl.,  3d  scr.,  voL  36,  ISSS,  p.  17a. 


CHAPTER  Xni. 

SEDIMENTARY  AND  DETRITAL  ROCKS. 

SANDSTONES. 

By  pressure,  or  by  the  injection  of  cementing  materials,  the  prod- 
ucts of  rock  decomposition  may  be  reconsolidated.  From  the  sands 
sandstones  are  formed;  from  the  clays  shales  are  derived;  and  cal- 
careous deposits  yield  the  limestones.  These  rocks  shade  into  one 
anotiier,  through  intermediate  gradations;  and  exhibit  the  same  varia- 
tions in  composition  that  are  observed  in  sands  and  soils.  Their 
classification  depends  upon  their  typical  forms,  and  their  modifica- 
tions are  indicated  by  a  simple  nomenclature.  Such  terms  as  cal- 
careous sandstone,  argillaceous  limestone,  and  sandy  shale  explain 
themselves,  for  they  are  clearly  descriptive.  Although  not  rigorous, 
they  are  sufficient  for  most  practical  purposes.^ 

A  sandstone  differs  chemically  from  a  sand  chiefiy  in  the  addition 
of  a  cementing  substance.  This  is  furnished  by  percolating  waters, 
or  else,  in  certain  cases,  by  the  slight  solution  of  the  moist  surfaces 
of  mineral  particles  in  contact  with  one  another.  Any  substance 
which  the  waters  can  deposit  in  a  relatively  insoluble  condition  may 
serve  as  a  cement.  Such  substances  as  silica,  calcium  carbonate, 
hydroxides  of  iron  and  aluminum,  calcixmi  sulphate,  phosphate,  and 
fluoride,  bariimi  sulphate,  etc.,  fulfill  this  condition.  Clay  and  bitu- 
minous substances  alsp  act  as  cementing  materials.  The  additions 
thus  made  to  a  sand  may  be  small  in  amount  or  even  very  large,  some- 
times equaling  in  quantity  the  cemented  particles.  Sudh  an  extreme 
case  is  furnished  by  the  well-known  Fontainebleau  calcites,  which 
have  crystallized  around  sand  and  contain  sometimes  50  per  cent  of 
calcium  carbonate.  A.  von  Morlot  ^  reports  crystals  from  this  locality 
containing  58  per  cent  of  sand,  and  others  with  as  high  as  95  per 
cent.  Analogous  crystals  from  the  Badlands  of  South  Dakota,  de- 
scribed by  S.  L.  Penfield  And  W.  E.  Ford,'  contain  approximately 
40  per  cent  of  calcite  to  60  per  cent  of  sand.  These  are  mixtures  of 
sand  and  calcite  in  which  the  crystalline  form  of  the  latter  has  been 
perfectly  developed.  Gypsum  crystals  containing  sand  up  to  45.58 
per  cent  have  been  found  on  the  Astrakhan  steppe,  according  to 
B.  Doss/  who  also  mentions  gypsiferous  sandstones.    Crystals  of 

>  On  a  classincation  of  the  sodini«ntary  rocks,  see  A.  W.  Grabau,  Am.  Geologist,  toI.  83, 1904,  p.  228. 

»  Haidlnger's  Ber. ,  vol.  2, 1846-47,  p.  107. 

»  Am.  Jonr.  Sci. ,  4th  sor.,  vol.  9, 1900,  p.  352. 

* Zeitschr.  Doutsch.  geol.  Gesell.,  vol.  49, 1897,  p.  143. 

&35 
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baritc  inclosing  sand  are  also  well  known.  J.  E.  Pogue^  has  described 
crystallized  barite  inclosing  44  to  53  per  cent  of  sand  from  the  oasis  of 
Kharga,  Egypt;  and  H,  W.  Nichols  *  reports  similar  material  found 
in  Oklahoma.  As  a  rule,  however,  the  cementing  material  of  a  sand- 
stone is  subordinate.  Between  a  sand  and  a  sandstone  the  difference 
in  composition  is  generally  slight  and  may  be  almost  inappreciable. 

When  silica  serves  as  the  cementing  substance,  it  may  assume 
either  the  amorphous  or  the  crystalline  form.  In  the  latter  case  the 
quartz  fragments  often  exhibit  a  secondary  enlai^ment  and  become 
the  nuclei  of  distinct  quartz  crystals.'  As  amorphous  silica  it  simply 
fills  the  intersti'tial  spaces  of  the  rock  and  binds  the  sand  grains 
together.  These  spaces  or  pores  vary  in  magnitude,  and  may  make 
up  a  considerable  portion  of  the  total  volume  of  a  rock.  According 
to  G.  F.  Becker/  the  interstitial  space  in  a  sandstone  made  up  of 
closely  packed  spherical  grains  amoimts  to  25.96  per  cent.  C.  R. 
Van  Ilise  •  estimates  the  minimum  pore  space  at  24  per  cent,  and 
claims  that  it  may  be  much  greater.  The  character  of  the  rock  pro- 
duced by  the  consolidation  of  such  a  bed  will  obviously  depend  upon 
the  extent  to  which  the  cementing  material  has  filled  the  interstitial 
spaces.  One  sandstone  is  loosely  compacted,  another  is  solid,  and  by 
thorough  silicification  the  rock  may  become  transformed  into  a  hard, 
vitreous  quartzite.  In  an  ordinary  sandstone  the  fracture  is  aroimd 
the  grains;  in  a  quartzite  it  is  just  as  likely  to  be  across  them. 

After  silica,  and  often  with  silica,  the  commonest  cements  of  sand- 
stone consist  of  carbonates.'  Calcium  carbonate  is  the  most  abun- 
dant salt  derivable  from  percolating  waters,  and  is  easily  deposited 
therefrom ;  hence  its  frequency  in  the  sediments,  even  in  those  which 
were  not  laid  down  in  proximity  to  limestones.  Calcareous  sandstones 
are  exceedingly  common,  and  at  the  other  end  of  the  series  arena- 
ceous limestones  are  not  rare.  The  following  analysis  of  a  greenish 
sandstone  from  Lohne,  Westphalia,  by  W.  von  dcr  Marck,^  may 
illustrate  the  complexity  of  these  mixtures. 

>  Proc.  U.  S.  Nat.  Mus. ,  vol.  38, 1910,  p.  17.    Pogue  gives  a  good  list  of  other  occurrenoes. 

a  Pub.  No.  Ill,  Field  Columbian  Mus.,  1906,  p.  31. 

« See  A.  Knop,  Neues  Jahrb.,  1874,  p.  281;  A.  S.  TSrnebohm,  Neues  Jahrb.,  1877,  p.  210;  H.  C.  Sorby, 
Quart.  Jour.  Oeol.  Soc.,  vol.  36, 1880,  Proc.,  p.  46;  A.  A.  Young,  Am.  Jour.  Sci., 3d  ser.,  vol. 34, 1882, p.  47; 
R.  D.  Ir\ing  and  C.  R.  Van  Hise,  Bull.  U.  S.  Geol.  Survey  No.  8. 1884;  Irving,  Fifth  Ann.  Rept.  U.  8.  QeoL 
Survey,  1885,  p.  218.  *  'Crystallised  sands"  from  Peru  are  mentioned  by  L.  Crosnler,  Annales  des  miiia, 
5th ser.,  vol.  2, 1832,  p.  5,  and  A.  Daubr^e  (Etudes  synthtHiquesde geologic exp^rimentale,  pp.  226-230)* 
cites  a  number  of  European  examples. 

<  Mbn.  U.  S.  Geol.  Survey,  vol.  13, 1888,  p.  399. 

6  Idem,  vol.  47,  lUOi,  p.  863. 

•  Calcium  carbonate,  up  to  nearly  30  per  cent,  is  the  cementing  substance  of  the  sandstone  reefs  found 
on  the  coast  of  Brazil.  See  the  Important  monograph  by  J.  C.  Branner,  which  forms  vol.  44  of  Bull.  Mas* 
Comp.  Zool.,  1001.    Branner  mentions  similar  reefs  in  the  Levant. 

*Verhandl.  Naturhist.  Ver.  preuss.  Rheinlande  u.  Westfalens,  vol.  12,  1856,  p.  260.  Uiny  other 
similar  analyses  are  given.  O.  Bischof  (Lehrbuch  der  chemischen  und  physlkallschen  Ooologie,  ad  od., 
▼ol.  3,  pp.  137-149)  gives  abundant  data  upon  the  cementing  materials  of  sandstones.  In  amdyaes  of 
these  rocks  it  is  commonly  assumed  that  the  portion  soluble  in  hydrochloric  acid  belongs  whoUy  to  the 
cement.  This  is  probably  true  in  most  cases,  but  not  always.  Soluble  minerals  may  occur  in  a  nodstooe 
Among  Its  granular  components. 
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Analysis  of  sandstone  from  WeMphalia. 


Soluble  portion 


CaCO, 39.50 

MgCOa 7.23 

FeCOa 7.54 

CajPaOg 3. 90 

FejO, 82 

AljOa 2.12 

T      1   ui        ...•        /SiOa 36.65 

Insoluble  portion.. j^j^()^ ^^ 

KjO 03 

HaO 62 

99.32 

In  this  analysis  calcium  phosphate  appears  among  the  cementing 
substances,  and  many  other  examples  of  its  occurrence  imder  like 
conditions  are  known.  Phosphatic  sandstones  from  Perry  CJounty, 
Tennessee,  have  been  described  by  C.  W.  Hayes,*  and  also  a 
phosphatic  breccia.  In  these  rocks  the  calcium  phosphate  forms 
the  matrix  of  the  sand  grains.  In  a  brown  sandstone  from  Kursk, 
Russia,  C.  Claus  ^  found  13.60  per  cent  of  P3O5,  equivalent  to  22.64 
of  CagPaOg.  In  the  same  sandstone  4.98  per  cent  of  calcium  fluoride 
was  also  present.  Calciimi  fluoride  has  also  been  reported  by 
W.  Mackie '  as  a  cementing  material  in  a  Triassic  sandstone  from 
Elginshire,  Scotland — in  one  specimen  as  much  as  25.88  per  cent. 
These  figures,  of  course,  represent  exceptional  samples — concentra- 
tions, so  to  speak;  in  ordinary  cases  the  cementing  compounds  are 
found  in  small  amounts. 

Bariimi  sulphate  has  repeatedly  been  observed  as  a  cement  in 
sandstones.  F.  Clowes*  has  described  specimens  containing  from 
28.20  to  60.06  per  cent  of  BaS04.  Clowes  suggests  that  the  barite 
was  probably  formed  in  situ,  by  double  decomposition  between 
barium  carbonate  and  sulphates  contained  in  percolating  waters. 
Barium  has  often  been  detected  in  the  waters  of  mineral  springs.* 
The  barytic  sandstones,  so  far  as  they  have  been  described,  are 
remarkably  durable,  because  of  the  insoluble  character  of  the  cement. 
Calcareous  sandstones  are  easily  disintegrated  by  weathering,  for 
the  carbonates  are  readily  dissolved  by  atmospheric  waters. 

Apart  from  the  cements,  sandstones  vary  in  composition  exactly 
as  do  the  sands.  A  sandstone  may  be  nearly  pure  quartz,  or  quartz 
and  feldspar,  or  micaceous,  or  glauconitic,  and  it  can  exhibit  any 
texture    from    the    finest    to    the    coarsest.     Textural  differences, 

»  Seventeenth  Ann.  Kept.  U.  S.  Geol.  Survey,  pt.  2, 1896,  pp.  527,  539. 

s  Jahresb.  Chemie,  1852,  p.  980. 

» Kept.  Brit.  Assoc.  Adv.  Sci.,  1901,  p.  649.    See  also  O.  Mdgge,  Centrabl.  Min.,  Geol.  n.  Pal.,  1908,  p.  33. 

« Proc.  Roy.  Soc.,  vol.  46, 18S9,  p.  363;  vol.  64, 1899,  p.  374.  See  also  W.  Mackie,  Kept.  Brit.  Assoc.  Adv. 
Sci.,  1901,  p.  649;  C.  B.  Wedd,  Geol.  Mag.,  1899,  p.  508;  and  C.  C.  Moore,  Proc.  Liverpool  Geol.  Soc.,  vol.  ^ 
1898,  p.  241.  Moore  gives  several  good  analyses  of  sandstones.  In  some  of  them  small  amounts  of  cobalt 
and  nickel  were  found. 

•  See  ante,  p.  199.    See  also  H.  Delkeskamp,  Notizbl.  Ver.  Etdkmid'ft,  \XYk f«t .,^<^X.  *2\,V«i^O 


538  DATA  OF  GEOCHEIOSTRY. 

hcm^ever,  do  not  concern  the  chemist.  From  a  chemical  point  <tf 
view  it  Ls  immaterial  whether  the  sand  grains  are  coarse  €ft  fine, 
rounded  or  angular.  Such  rocks  as  conglomerates,  breccias,  arkoees, 
graywackes,  etc.,  have  no  distinct  chemical  peculiarities;  they  are 
made  up  of  detrital  material,  and  vary  from  their  parent  fonnati<His 
only  in  the  extent  to  which  their  component  fragments  have  be»i 
decomposed  and  in  the  nature  of  their  cementing  substances.  Any 
sand  or  detritus  may  be  reconsohdated  by  any  one  of  the  cem^its 
above  mentioned.  When  a  mixture  of  sand  and  clay  consolidates, 
it  may  form  an  argillaceous  sandstone  or  a  sandy  shale,  according 
to  the  relative  proportions  of  the  two  ingredients.  In  such  a  sand- 
stone the  colloidal  Bu1>stances  of  the  admixed  clay  appear  to  act  as 
binders,  thoir  function  being  somewhat  different  from  that  of  the 
cements  deposited  by  solutions.  Their  binding  power  is  probably, 
in  most  cases,  reinforced  by  the  addition  of  true  cements,  usually 
either  calcium  carbonate  or  silica.  By  secondary  reactions,  due  to 
additions  of  this  kind,  the  clay  substances  may  be  transformed  into 
other  things,  as  shown  in  the  graywacke  of  Hurley,  Wisconsin.' 
This  Ls  a  detrital  rock,  which  originally  consisted  largely  of  quartz 
and  feldspar,  with  a  little  hornblende,  and  dark  fragments  of  older 
rock  material,  held  together  by  clay.  In  the  graywacke  the  clay  has 
been  transformed  into  what  is  principally  a  chlorite,  with  secondary 
quartz  and  some  other  minor  minerals.  The  cement,  which  was  at 
first  amorphous,  is  now  entirely  crystalline.  Metasomatic  changes 
of  this  order  are  very  conmion,  and  the  reactions  which  can  occur 
are  many.  With  different  detritus,  different  cements,  and  different 
salts  in  the  circulating  waters,  a  vast  number  of  transfonnations 
are  possible.    On  this  subject  it  would  be  difficult  to  generalize. 

In  a  microscopic  study  of  about  150  psammites,  as  rocks  of  the 
sandstone  class  are  sometimes  called,  G.  Klenmi '  identified  tiie 
following  substances  among  their  components:  Quartz,  feldspars, 
micas,  iron  ores,  zircon,  rutile,  apatite,  tourmaline,  garnet,  titanite, 
augite,  hornblende,  opaline  silica,  glauconite,  carbonates  of  calcium, 
magnesium,  and  iron,  rock  fragments,  clastic  dust,  and  clay.  Even 
this  list  is  probably  far  from  being  exhaustive.  An  arkose  sandstone 
from  the  quicksilver  region  of  California,  made  up  of  granitic  detritus, 
was  found  by  G.  F.  Becker  '  to  contain  quartz,  orthoclase,  oligoclase, 
biotite,  muscovite,  hornblende,  titanite,  rutile,  tourmaline,  and  apa- 
tite. In  short,  all  of  the  rock-forming  minerals  which  can  in  any 
way  survive  the  destruction  of  a  rock  may  be  found  in  its  sands,  and 
therefore  in  the  sandstones.  The  feldspars  and  ferromagnesian  min- 
erals, however,  are  quite  commonly  altered  or  even  removed,  the  more 

1  Dcscribod  by  W.  S.  Rayloy  in  Bull.  U.  S.  c; eol.  Sun-ey  No.  ISO,  iao<t,  p.  81.  Compare  C.  R.  Van  Hise, 
Am.  Jour.  Sci.»  3d  ser.,  vol.  31 ,  1886,  p.  453,  for  data  concerning  other  similar  rocks  in  the  saat  region. 

s  Zeitschr.  Deutsch.  god.  Gesell.,  vol.  34, 1882,  p.  771. 

*  Mon.  V.  S.  Gool.  Survey,  vol.  13, 1888,  p.  59.  Several  other  sandstones  are  described  by  J.  S.  Djikr 
in  Bull.  U.  S.  Ocol.  Surrey  No.  150, 18»8,  pp.  72-84. 
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citable  minerals,  like  quartz,  being  much  more  persistent.  Quartz  is 
the  most  abundant  mineral  in  these  rocks,  while  in  rocks  of  the 
crystalline  and  eruptive  classes  it  is  subordinate  to  the  feldspars. 
The  following  analyses,  which,  with  one  exception,  were  all  made 
in  the  laboratory  of  the  United  States  Geological  Survey,  will  suffice 
to  show  the  general  composition  of  the  sandstones:^ 

Analyses  of  sandstones. 

A.  Potsdam  sandstone,  Ablemaxis,  WiacQD^ZL  AnalysisbyE.  A.  Schneider.  Described  by  J.  S.  Dlller, 
Bull.  U.  8.  Gcol.  Survey  No.  150, 1898,  p.  80.    Nearly  pure  qoartz. 

B.  Brown  sandstone,  Hummelstown,  Pennsylvania.  Analysis  by  Schneider.  Described  by  Diller,  op. 
cit.,  p.  77.    Composed  chiefly  of  quartz,  with  some  feldspar,  kaolin,  etc.    The  cement  is  iron  oxide. 

C.  Ferrastnoos  sandstone,  ''carstone,"  from  Hunstanton,  Noriolk,  England.  Analysis  and  description 
by  J.  A.  Phillips,  Quart.  Jour.  Oeol.  Soc.,  vol.  37, 1881,  p.  6.  Consists  of  quarts  grains  cemented  by  brown 
iron  ore,  with  very  little  feldspar  and  mice.    Phillips  also  gives  five  other  analyses  of  British  sandstones. 

D.  From  a  ''sandstone  dike "  in  Shasta  County,  California.    Analysis  by  T.  M.  Chatard.    I>e9crfi>ed  by , 
J.  S.  Diller,  Bull.  Oeol.  Soc.  Amorica,  vol.  1, 1880,  p.  411.    Kado  up  of  quartz,  iieldspar,  and  biotite,  with  a 
caldte  cement.    Contains  also  serpentine,  titanite,  magnetite,  and  zircon.    Other  "sandstone  dikes/' near 
Pikes  Peak,  Colorado,  have  been  described  by  W .  Cross.    They  probably  represent  quldcsands  which  were 
injected  into  fissures.    See  also  C.  O.  Crosby,  Bull.  Essex  Inst.,  vol.  27, 1885,  p.  1J3. 

E.  liioceno  sandstone.  Mount  Diablo,  California.  Analyzed  and  described  by  W.  IT.  Melville,  Bull. 
Qeol.  Soc.  America,  vol.  2, 1890,  p.  403. 

F.  Composite  analysis  of  253  sandstones.    By  H.  N.  Stokes. 

0.  Composite  analysis  of  371  sandstones  used  for  building  purposes.    By  IT.  N.  Stokes. 

H.  Graywacke,  Hurley,  Wisconsin.  Analysis  by  H.  N.  8t<^:es.  Described  by  W.  8.  Bayley,  Bull. 
F.  3.  Geol.  Sur\'ey  No.  150, 1898,  p.  84.  Contains  quartz,  feldspars,  iron  oxides,  and  probably  kaolin.  In 
the  cement  are  chlorite,  quartz,  magnetite,  pyrite,  rutilc,  sometimes  biotite,  and  either  muscovitc,  or  kaolin. 
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V  peculiar  rock,  which  is  sometimes  called  a  calcareous  sandstone, 
is  the  gaize  of  the  French  geologists.     It  has  been  fully  described  by 

1  For  additional  analyses,  see  Bull.  U.  S.  GeoL  Survey  No.  228, 1904,  pp.  201-296.  W.  WaUaoe  (Proc 
Philoa.  Soc.  Glasgow,  vol.  14, 1883,  p.  22)  and  W.  Mackie  (Trans.  Edinburgh  Geol.  80c.,  vol.  8, 1880,  pp.  fi8» 
59)  give  a  number  of  good  anal3rse8  of  Scottish  sandstones.    See  also  C.  C.  Moore,  Proc.  liverpool  GmL 

Soc.,  "ol.  8,  1898,  p.  241,  for  English  examples. 
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L.  Cayeux  ^  as  a  siliceous  rock,  rich  in  the  debris  of  siliceous  organ- 
isms, containing  quartz  and  glauconite  cemented  by  opal  and  clay, 
with  sometimes  chalcedony,  and  very  little  carbonate  of  lime.  The 
silica  in  gaize  ranges  from  76  to  92  per  cent,  and  a  large  part  of  it, 
75.3  per  cent  in  the  maximimi,  is  soluble  in  caustic  alkalies.  It  is,  as 
defined  by  Cayeux,  a  sedimentary  rock,  consisting  largely  of  non- 
clastic  silica,  and  seems  to  have  been  originally  a  marine  ooze. 

FUfNT  AND   CHERT. 

It  is  at  once  evident  that  a  considerable  variety  of  rocks  may  be 
formed  from  siliceous  oozes,  such  as  the  radiolarian  and  diatomaceous 
oozes  of  the  ChaUengtr  expedition.  These  fine  sediments  may  be 
mixed  with  more  or  less  clay,  sand,  or  caloareous  matter,  shading, 
when  consolidated,  into  shales,  sandstones,  or  sihceous  limestones. 
Their  geological  relations  and  their  content  of  amorphous  or  opalino 
silica  must  be  depended  upon  to  define  them.  In  the  same  category 
we  must  place  infusorial  earth,  which  consists  mainly  of  the  siliceous 
remains  of  diatoms;  and  such  rocks  as  flint,  chert,  and  novaculite 
fall  in  some  cases,  if  not  always,  under  this  general  classification. 
With  some  exceptions  these  rocks  are  conmionly  of  organic  origin. 
The  novaculite  of  Arkansas,  however,  has  been  differently  interpreted.* 
It  is  regarded  by  L.  S.  Griswold  as  a  siliceous  sediment  or  silt;  in 
other  words,  as  sandstone  of  extremely  fine  grain.  No  organisms 
could  be  positively  detected  in  it,  nor  does  it  contain  an  appreciable 
amount  of  soluble  silica.  It  is,  according  to  Griswold,  essentially 
a  shale  minus  the  argillaceous  component,  and  it  forms  part  of  a 
sedimentary  series  in  which  all  gradations  from  shale  to  novaculite 
occur.  F.  Rutley,^  however,  dissents  from  Griswold's  views,  and 
has  sought  to  show  that  the  novaculite  is  a  siliceous  replacement  or 
pseudomorph  after  limestone  or  dolomite.  It  has  also  been  regarded 
as  a  chemical  precipitate,  analogous  to  siliceous  sinter.  In  com- 
position the  novaculite  is  very  nearly  piu-e  silica. 

The  much  commoner  variety  of  compact  silica  known  as  chert  has 
also  been  diversely  interpreted.  A  number  of  writers,*  studying  chert 
from  different  locaUties,  have  argued  in  favor  of  the  replacement 

>  M<?m.  Soc.  g<5ol.  du  Nord,  vol.  4,  pt.  2, 1897.  Several  incomplete  analyses  of  gaite  are  given.  The  deter- 
mination of  amorphous  silica  by  its  solubility  in  caustic  alkalies,  it  must  be  obser\'ed,  is  not  very  accurate. 
Silica  in  any  form  will  dissove,  the  rate  of  solution  dcpi^nding  upon  the  fineness  of  its  subdivisiaii  and  the 
concentration  of  the  alkali.  Opalino  silica,  however,  dissolves  rapidly  in  weak  alkali,  and  so  can  be  rouglily 
estimated.    Quarts  dissolves  very  slowly. 

s  See  Griswold 's  monograph  on  this  rock  (Rept.  Arkansas  Geol.  Survey,  vol.  4, 1890)  and  a  paper  by  the 
same  author  in  Proc.  Boston  Soo.  Nat.  Hist.,  vol.  26, 1894,  p.  414.  Compare  also  O.  A.  Derby,  Jour.  Geology, 
vol.  6, 1898,  p.  3CC;  and  J.  C.  Branner,  idem,  p.  368.  Branncr  sums  up  very  concisely  the  difieraH  tbeoriiB 
which  have  been  advanced  to  account  for  rocks  of  this  character. 

«  Quart.  Jour.  Geol.  Soc.,  vol.  60,  1894,  p.  380. 

*  K.  Hull  and  E.  T.  Ilardman,  Sd.  Trans.  Roy.  Dublin  Soc.,  new  ser.,  vol.  1, 1878,  pp.  71,  85,  on  the 
Carboniferous  cherts  of  Ireland;  A.  Renard,  Bull.  Acad.  roy.  sd.  Belgique,  vol.  40,  1878,  p.  471,  on  thd 
phthanites  of  Belgium;  T.  Rupert  Jones,  Proc.  Geol.  Assoc.  London,  vol.  4, 1876,  p.  439;  and 


SEDIMENTARY  AND  DETRITAL  ROCKS.  541 

theory.  That  the  replacement  of  calcium  carbonate  by  silica  is 
possible,  no  one  can  deny,  for  silicified  shells  and  corals  are  conmion. 
The  pseudomorphs  of  chalcedony  or  opal  after  coral,  from  Tampa 
Bay,  Florida,  are  conspicuous  examples  of  this  change.  Furthermore, 
A.  H.  Church  *  has  eflFected  the  transformation  artificially.  A  piece 
of  recent  coral  was  almost  completely  silicified,  losing  nearly  all  its 
carbonate  of  lime,  when  an  aqueous  solution  of  silica  was  allowed  to 
filter  through  it  very  gradually.  Some  chert,  then,  may  have  been 
formed  in  this  way.  According  to  F.  M.  Van  TuyP  tie  cherts  of 
Missouri  probably  originated  in  this  manner,  colloidal  silica  having 
been  deposited  on  the  bed  of  the  sea  while  the  limestone  to  be  silicified 
was  in  process  of  formation.  W.  A.  Tarr,'  however,  and  also  R,  S. 
Dean  *  ai^ue  that  the  siUceous  gel  was  thrown  down  from  its  suspen- 
sion in  sea  water  by  the  action  of  electrolytes  and  afterward  dehy- 
drated and  consolidated  by  pressure.  When,  however,  the  gel  col- 
lected in  open  spaces,  such  as  cracks,  and  not  under  pressure,  it 
solidified  in  tHe  powdery  form  known  as  tripoli.  One  alignment  of 
much  force,  advanced  by  Van  Tuyl  against  this  hjrpothesis,  is  that 
silicified  shells  are  common  in  the  chert,  and  their  condition  can  be 
ascribed  only  to  a  replacement  of  calcium  carbonate  by  silica. 

On  the  other  hand,  chert  and  flint  often  exhibit  evidences  of  organic 
derivation.  The  radiolarian  cherts  of  California,  described  by  A,  C. 
Lawson,  C.  Palache,  and  F.  L.  Ransome,*  are  principally  composed 
of  radiolarian  remains.  Lawson  regards  these  cherts  as  having  been 
formed  by  precipitations  of  colloidal  sihca  from  submarine  springs, 
which  produced  a  sort  of  ooze  in  which  the  radiolaria  became  em- 
bedded. In  other  cases  cherts  were  probably  derived  from  sponges, 
whose  spicules  consist  very  lai^ely  of  opaline  silica.®  Cherts  crowded 
with  these  spicules  have  been  described  by  various  authors,  espe- 
cially by  W.  J.  Sollas  ^  and  G.  J.  Hinde.®  Hinde  studied  especially 
the  cherts  of  the  Greensand  formation  in  southern  England,  the 
cherts  of  Spitzbergen,  and  also  the  Irish  cherts,  described  by  Hull 
and  Hardman.  In  all  of  them  the  sponge  spicules  were  abundant. 
The  same  thing  is  true  of  the  flint  nodules  found  in  chalk,  which 
almost  invariably  show  signs  of  a  similar  origin.^    In  order  to  ac- 

»  Joiar,  Chem.  Soc.,  vol.  15, 1862,  p.  107. 

>  Am.  Jour.  ScJ.,  4th  ser.,  vol.  45, 1918,  p.  449. 

•  Idem,  vol.  44, 1917,  p.  409. 

•  Idem,  vol.  45, 1918,  p.  411. 

•  Lawson,  Fifteenth  Ann.  Kept.  U.  S.  Geol.  Survey,  1895,  p.  420;  Lawson  and  Palacfae,  Bull.  Dept 
Geology  Univ.  California,  vol.  2, 1902,  pp.  354, 365;  Ransome,  idem,  vol.  1, 1894,  p.  193.  A  recent  exhaustive 
paper  on  these  cherts  is  by  E.  F.  Davis,  Univ.  of  California,  Bull.  Dept.  Geology,  vol.  11, 1918,  p.  235. 

0  See  Thoulet,  Bull.  Soc.  min.,  vol.  7, 1884,  p.  147. 

Y  Ann.  and  Mag.  Nat.  Hist.,  5th  ser.,  vol.  6, 1880,  pp.  384, 437;  vol.  7, 1881,  p.  141. 

•  Philos.  Trans.,  vol.  176, 1885,  p.  403;  Geol.  Mag.,  1887,  p.  435;  idem,  1888,  p.  241. 

•  See  Hinde  and  Sollas,  loc.  cit.,  and  G.  C.  Wallich,  Quart.  Jour.  Geol.  Soc.,  vol.  36, 1880,  p.  68.  J.  A. 
Merrill  (Bull.  Mus.  Comp.  Zool.,  vol.  28, 1895,  p.  1)  has  described  fossil  sponges  from  flints  fbond  in  the 
Cretaceous  near  Austin,  Tex. 
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count  for  those  nodules,  SoUas  suggests  that  sponge  spicules  accu- 
mulated in  a  calcareous  ooze,  where,  in  presence  of  sea  water  under 
pressure,  they  partly  dissolved.  The  silica  thus  taken  into  soluticm 
was  later  reprecipitatcd  around  suitable  nuclei,  at  the  same  time 
replacing  carbonate  of  lime.  It  is  possible,  however,  as  A.  A.  Julien^ 
has  shown,  that  the  organic  matter,  of  the  decaying  sponges  may 
have  exerted  much  influence  in  bringing  about  the  solution  of  silica. 
It  is  difficult  to  see  how  the  nodules  could  have  developed  except 
from  silica  which  had  been  first  dissolved.  Their  growth  around 
organic  nuclei  can  hardly  be  explained  otherwise. 

Sedimentary  rocks  consisting  almost  entirely  of  silica  may  orig- 
inate in  divers  ways.  As  siliceous  sinter'  the  silica  is  simply  a 
deposit  from  hot  springs.  As  sandstone  it  is  an  aggr^ate  of  finely 
divided  quartz.  In  gaize  and  some  cherts  the  rock  is  composed  in 
great  part  of  organic  remains.  In  some  cases  calcium  carbonate  haa^ 
been  obviously  'replaced  by  silica.  There  are  also  siliceous  concre^. 
tion-like  flints,  as  well  as  the  oolites  which  are  formed*by  the  deposi- 
tion of  sihca  from  solution  around  quartz  grains.  Such  an  oolite 
from  Pennsylvania  has  been  studied  by  several  investigators.'  It  is 
possible  that  a  single  formation  may  represent  more  than  one  of 
these  processes.  R.  D.  Irving  and  C.  R.  Van  EQse,*  for  example, 
describing  the  chert  of  the  Fenokee  iron  region,  which  was  laid  down 
simultaneously  with  the  iron  carbonates,  suggest  that  it  may  have 
been  partly  derived  from  organic  remains  and  also  be  partly  a  chem- 
ical sediment.  In  short;  no  one  process  can  account  for  all  the 
occurrences  of  amorphous  or  cryptocrystalline  sihca,  and  each  local- 
ity must  be  studied  in  the  hght  of  its  own  evidence. 

The  following  analyses  of  chert,  novacuhte,  etc.,  will  serve  to 
illustrate  the  chemical  imiformity  of  these  rocks:  ^ 

1  Proc.  Am.  Assoc.  Adv.  Scl.,  1879,  p.  396. 

s  Sec  ante,  p.  200. 

I E.  n.  Parboor  and  J.  Torrey,  Am.  Jour.  Sci.»  3d  sor.,  vol.  40, 1890,  p.  246;  E.  O.  Hovey,  BulL  G«oL  Soe; 
America,  vol.  5, 1893,  p.  627;  and  Bergt,  Abhandl.  Gesell.  Isis,  1892,  p.  115.  See  also  O.  R.  WMsBd,  Am. 
Jour.  Sci.,  4th  sor.,  \'dL,  4, 1887,  p.  262,  who  ascribes  these  oolites  to  the  agency  of  hot  springs.  £•  8. 
(Jour.  Geology,  vol.  20,  p.  259, 1912)  has  also  studied  these  minerals. 

«  Tenth  Ann.  Kept.  U.  S.  Geo!.  Sonney,  pt.  1, 1890^  p.  897.    See  also  C.  R.  Van  HIse,  A  treatise  co 
morphism:  Hon.  U.  S.  Geol.  Survey,  voL  47, 1904,  pp.  847-853. 

•  For  other  anal3rscs  sco  Griswold's  monograph  on  novaculite,  Hardman's  paper  on  the  Irish  cherts.  Bar* 
bour  and  Torrey  on  the  oolite,  and  Hovcy  (Am.  Jour.  Scl.,  3d  ser.,  vol.  48, 1894,  p.  401)  on  chertsfrom Mis- 
souri. In  a  large  number  of  cherts  from  ^ntucky,  T.  H.  Kastio,  J.  C.  W.  Frazer,  and  O.  Suntvaa  (Am. 
Chcm.  Jour.,  vol.  20,  1898,  p.  153)  found  appreciable  amounts  of  phosphates  ranging  from  0.18  up  to  SJS 
per  c«nt  of  PfOj. 
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Analyses  of  chert  and  aUied  rocks. 

A.  Npvaculite,  Bockport,  Arkansas.    Analysis  by  R.  N.  Brackctt.    From  Griswold's  monograpli,  p.  167. 

B.  Chert,  BeUevflle,  Missouri.  Analysis  by  E.  A.  Schneider,  Bull.  U.  8.  GeoL  Survey  No.  228,  I90i» 
p.  297.    Other  analysesare  given  on  the  sazne  page. 

C.  Chert  from  the  Upper  Gsrboniferous  of  Ireland.  Analysis  by  E.  T.  Hardman,  Sci.  Trans.  Roy.  Dub- 
lin Soe. ,  new  ser. ,  voL  1, 1878,  p.  85.  Soma  of  the  Irish  cherts  are  highly  calcareous,  representing  transitioas 
to  silioeous  limestone. 

D.  SHiceous  oolite.  Center  County,  Pennsylvania.    Analysis  by  Bergt,  Abhandl.  Gesell.  Isis,  1802,  p.  115. 

E.  Initisorial  earth,  Nevada.  Analysis  by  R.  W.  Woodward,  Rept.  U.  8.  Ged.  Expl.  40th  Par.,  vol.  2, 
1877,  p.  768. 
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Other  analyses,  in  considerable  number,  show  intermediate  grada- 
tions between  chert  and  limestone.  These  represent  comminglingB 
in  any  proportion  between  the  cherty  silica  and  calcium  carbonate. 
That  is,  silica  and  calcium  carbonate  may  be  deposited  together  in 
the  same  mud  or  ooze,  forming  a  nearly  homogeneous  mixture. 

SHAIiE  AND   SliATE. 

When  the  finest  products  of  sedimentation  consolidate,  they  tend  to 
form  a  close-grained,  laminated,  or  fissile  rock,  which  is  called  shale. 
As  thus  used,  the  term  is  very  vague  and  has  little  chemicalsignificance. 
Sand,  reduced  to  the  fineness  of  flour,  may  form  a  rock  which  is  shaly 
in  structure,  and  so  too  may  limestone.  In  these  cases,  however, 
there  is  commonly  more  or  less  argillaceous  impurity  in  the  rocks,  so 
that  it  is  better  to  call  them  argillaceous  sandstones  or  limestones. 

As  the  term  is  generally  used,  a  shale  is  supposed  to  be  a  consoli- 
dated mud  or  clay  in  which  the  aluminous  siUcates  are  the  more 
important  and  characteristic  constituents.  Shales,  therefore,  vary  in 
composition  exactly  as  do  the  materials  from  which  they  form,  and 
may  contain  sandy  or  calcareous  impurities.  Bituminous  and  car- 
bonaceous shales  are  also  common.  Many  shales  contain  pyrite  or 
marcasite,  which  oxidize  and  give  rise  to  the  formation  of  sulphates. 
These  rocks  are  called  alum  shales  and  exhibit  aluminous  efflores- 
cences. The  alum  shales  and  calcareous  shales  are  easily  alterable; 
those  which  consist  chiefly  of  aluminous  silicates,  having  been  formed 
from  the  final  products  of  rock  decomposition,  are  remarkably  stable. 
Their  disintegration,  when  it  occurs,  is  largely  a  mechanical  process 
and  involves  very  little  chemical  change. 

Between  typical  sandstones  and  typical  shales  there  are  pronounceicL 
structural  differences.     A  sandstone  is  made  irp  ol  ^js^^Sficia^  ^f^^  «k^ 
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discernible  to  the  eye,  and  is  therefore  distinctly  porous.  In  oonae- 
quence  of  this  peculiarity  it  is  easily  permeable  to  percolating  waten, 
the  source  from  which  its  cementing  substances  are  derived.  A  shafe, 
on  the  other  hand,  consists  of  much  finer  particles,  which  are  closely 
packed,  and  its  porosity  is  small.'  In  its  formation  the  cementing 
process  is  less  prominent  than  in  the  case  of  sandstone,  and  its  oon- 
sohdation  seems  to  have  been  effected  by  a  sort  of  welding.  The 
colloidal  matter  contained  in  most  muds  and  clays  is  capable  of 
binding  under  the  influence  of  pressure  alone;  and  to  unions  of  this 
kind  a  shale  mainly  owes  its  coherence.  Cementation  is  not  excluded, 
but  it  has  become  a  subordinate  factor.  Under  the  influence  of 
pressure,  the  water  of  a  mud  is  largely  expeUed,  so  that  the  resulting 
shale  Ls  much  less  hydrous. 

The  following  analyses  of  shales  were  all  made  in  the  laboratory  of 
the  United  States  Geological  Survey.  Some  constituents,  reported 
in  *' traces''  only,  are  omitted  from  the  table.  A  number  of  other 
analyses  are  given  in  Bulletin  591,  pages  250-258. 

Analyses  of  shales. 

A.  Composite  analysis  of  fifty-one  Paleoioic  shales,  by  H.  N.  Stokes. 

B.  C/omposite  aiiulysLs  of  twenty-seven  Mesoioic  and  Cenozoic  shales,  by  H.  N.  Stokes. 

C.  ni:ick  Devonian  shale,  near  Longfellow  mine,  Morenci  district,  Arixona.    Analysed  by  W.  F. 
Hillebrand. 

D.  Middle  Cambrian  shale,  Coosa  Valley,  Alabama.    Analysis  by  Stokes. 
K.  Bituminous  shale,  Dry  Gap,  (Jeorgia.    Analysis  by  L.  G.  Eakins. 

F.  Shale,  near  Rush  Creek,  Pueblo  quadrangle,  Colorado.    Analysis  by  George  Steiger. 

(J.  Carlwniforousshalp,  Elliott  County.  Kentucky.    Analysis  by  T.  M.  Chatard. 

H.  Cretaceous  .shale,  Mount  Diablo,  California.    Highly  calcareous.    Analysis  by  W.  H.  Melville. 
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)  For  data  an  the  fineness  of  sand  and  mud  particles,  see  C.  R.  Van  Hiae,  A  treatise  on  metamorphlsm: 
Man.  U.  a.  OeoL  Survey,  vol.  47, 19W,  p.  802. 
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The  most  noticeaUe  feature  in  these  analyses,  as  compared  with 
analyses  of  similar  clays,  is  the  change  ii;  the  iron  oxides.  In  the 
shales  the  proportion  of  ferrous  relatively  to  ferric  oxide  has  increased; 
probably  because  of  the  reduciilg  action  of  organic  matter  in  the 
sediments  as  they  were  first  laid  down.  Ferric  oxide  has  been  evi- 
dently reduced,  and  organic  substances  furnish  the  most  obvious 
reagents  for  producing  such  an  alteration. 

Under  the  long-continued  influence  of  pressure  the  shales  become 
more  compact  and  less  hydrous,  and  pass  into  the  rocks  known  as 
clay  slates.  By  further  change,  of  a  metasomatic  character,  the 
slates  are  transformed  into  the  metamorphic  mica  schists,  in  which 
various  new  minerals  appear.  The  schists  will  be  considered  in  the 
next  chapter.  Even  in  the  slates  the  effects  of  metasomatism  are 
manifest,  for  micas  and  chlorites  appear  conspicuously  in  them. 
These  minerals  have  been  formed  at  the  expense  of  the  elay  silicate 
and  the  residual  feldspars.  Scales  of  detrital  mica  are,  of  coursOi 
common  in  the  sediments ;  but  in  the  slates  the  feldspar  grains  have 
been  more  or  less  transformed  into  particles  made  up  of  interlocking 
quartz  and  mica;  the  latter  usually  appearing  in  the  fibrous  sericitic 
form.  Even  in  Carboniferous  clays  and  shales  W.  M.  Hutchins  * 
found  little  kaolin,  but  more  or  less  secondary  quartz,  chlorite,  and 
mica.  The  chlorites,  evidently,  were  derived  from  the  debris  of 
ferromagnesian  minerals. 

The  mineralogical  composition  of  the  clay  slates  has  been  studied 
by  several  investigators,*  and  the  results  are  thoroughly  stunmed  up 
by  Dale  in  his  memoir  upon  the  slate  belt  of  eastern  New  York  and 
western  Vermont.  In  these  rocks  he  observed  clastic  particles  of 
quartz,  feldspar,  zircon,  muscovite,  and  carbonaceous  matter;  and 
autogenous  quartz,  chlorite,  muscovite,  pyrite,  and  carbonates  of 
lime,  magnesia,  iron,  and  manganese.  Rutile,  hematite,  and  tourma- 
line were  also  noted.  The  pyrite  was  often  altered  to  limonite. 
Other  observers,  studying  other  slates,  have  found  ottrehte,  stauro- 
lite,  garnet,  biotite,  hornblende,  epidote,  apatite^  pyrrhotite,  gypsum, 
and  magnetite  in  them. 

The  subjoined  analyses  of  roofing  slates  were  all  made  by  W.  F. 
HiUebrand  in  the  laboratory  of  the  United  States  Geological  Survey,* 

1  Geol.  Mag.,  1S94,  pp.  36,  64;  idem,  1896,  pp.  309, 343. 

a  See  especially  W.  M.  Hutchins,  loc.  dt.;  H.  C.  Sorby,  Quart.  Jour.  Geol.  Soc.,to].  38,  Proc,  1880,  pp. 
66^  and  F.  A.  Anger,  Jahrb.  K.-k.  geol.  Retcbsanstalt,  Min.  Mitt.,  vol.  25,  1875,  p.  162.  T.  N.  Date 
(Nineteenth  Ann.  Rept.  U.  8.  QeoL  Survey,  pt.  3, 1899,  pp.  15^-307;  also  Bull.  275, 1906)  hM made  a qw^ 
study  of  the  roofing  slateil  His  boltetln  contains  a  report  by  W.  F.  Hillebrand  on  the  oompositioQ  of  the 
slates,  and  closes  with  a  valuable  bibliography. 

>  See  Dale.  loc.  dt. ,  who  dtes  other  analyses.  Still  others  are  given  in  Bull.  U .  8.  Geol.  Borvey  No.  228, 
1904,  pp.  337-346.  J.  Roth  (AUgemeine  nnd  diemische  Geologie,  vol.  2,  p.  588)  tabulates  15  analyses  of 
European  clays  and  shales,  and  H.  Rosenbusch  (Elemente  der  Gesteinslchre,  2d  ed.,  p.  442)  gives  a  tahto 
of  19.  Bee  also  E.  C.  Eckel,  Jour.  Geology,  vol.  12, 1904,  p.  25,  Cor  the  average  oompodtiom  of  36  Amedcaa 
roofing  slates. 

113750**— 10— Bull.  605 35 
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Anabftes  of  roofing  alatis. 


A.  ak»-fR«>  stot9.  IHnrlet/ V^Amoat.    ff.  Barpto  sbto,  Owtltttn,  VmMst 

Vennont .    D.  Rod  shUc,  near  HaiDi>lon  VUlafe,  New  York.    K .  Gvttn  glsta, 
F.  Dlark  slate,  Slatinf^ton,  Pennsylvaiiia. 


JaaasTillB,  Neir  York, 
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L.IME8TONE. 

The  carbouato  rocks,  which  may  bo  cither  sedimentarj^,  dctritol,  or 
metamorphic,  art>  represented  principally  by  limestone  and  dolomite. 
Limestone  consists  of  calcium  carbonate  more  or  less  impure,  and  it 
occurs  in  many  forms  of  very  diverse  origin.  Some  limestone,  the 
variety  knoAvn  as  calcareous  tufa  or  travertine,  is  a  chemical  pre- 
cipitate, but  in  its  larger  masses  the  rook  is  generally  of  oi^anic  ori^. 
Chalk  is  probably  derived  from  a  marine  ooze;  other  limestones  are 
made  up  of  shells  and  corals.  In  some  the  organic  remains  are 
conspicuous;  in  many  oases  they  are  quite  obliterated.  Sandy, 
argillaceous,  glauconitic,  ferruginous,  phosphatic,  and  bituminous 
limestones  owe  their  names  to  their  manifest  impurities.  Elven 
gaseous  inclusions  may  give  a  limestone  its  name,  as  in  the  case  of 
tlio  fetid  limestones  or  ^'stinkstones"  of  certain  well-known  localities. 
This  j)C(5uliarity  is  well  shown  by  a  bed  of  caloite  in  Chatham  Town- 
slii]),  Canada,  described  by  B.  J.  Harrington,*  which  contains  0.016 
per  cent  of  hydrogen  sulphide.  A  cubic  foot  of  the  rock  contains 
about  500  cubic  inches  of  the  inclosed  gas,  to  which  its  offensive 
odor,  when  struck  or  bruised,  is  due. 

The  primary  source  of  limestone  is  obviously  to  bo  found  in  tiie 
decomposition  of  igneous  rocks  by  carbonated  waters.  Calcium 
carbonate  is  thus  produced;  it  passes  into  solution  in  ground  water, 


1  Am.  Joiir.  Sci.,  4th  ser.,  vol.  19, 1905,  p.  345, 
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springs,  and  streams,  and  is  tlionco  withdrawn  by  a  variety  of  proc- 
esses. Its  deposition  as  a  chemical  sediment,  especially  from  hot 
springs,  and  even  from  sea  water,  was  considered  in  a  previous  chap- 
ter/ but  the  evidence  may  well  be  repeated  here  and  developed  a 
little  more  fully.  Much  of  the  dissolved  carbonate  is  precipitated 
as  a  cement  in  other  rocks,  but  that  point  needs  no  f  urdier  examina- 
tion now. 

When  waters  charged  with  calcium  carbonate  are  allowed  to  evap- 
orate, they  deposit  their  load  in  the  form  of  sinter,  or  tufa.  Hiis 
process  can  be  observed  at  many  thermal  and  ''petrifying"  springs, 
and  also  in  the  formation  of  stalactites  and  stalagmites  in  limestone 
caverns.  In  tins  way  large  masses  of  compact  carbonate  may  be 
formed,  which  are  oftentimes  of  great  beauty.  The  so-called  ''onyx 
marbles,''  of  which  the  Mexican  ''onyx"  is  a  familiar  example,  are 
formed  in  this  way.  Some  rook  of  this  class  is  stalagmitic,  from 
caverns,  and  some  of  it  is  formed  by  springs.^  Its  variations  in  color 
and  texture,  to  which  its  ornamental  character  is  largely  due,  are 
commonly  produced  by  impurities  or  inclusions,  such  as  oxide  of 
iron,  or  even  mud  and  clay.* 

When  fresh  waters,  charged  with  carbonates,  enter  the  sea,  a  direct  •, 
precipitation  of  calcium  carbonate  may  occur.  It  happens  only  . 
when  the  supply  of  cai*bonate  is  in  excess  of  tliat  w^hich  can  be  con- 
sumed by  living  organisms  and  when  the  conditions  of  temperature 
and  evaporation  are  such  as  to  expel  the  solvent  carbon  dioxide. 
By  this  is  meant  the  ciu:bon  dioxide  required  to  hold  the  carbonate 
in  solution  as  bicarbonate.  These  conditions  are  found,  according 
to  Lyell,^  in  the  delta  of  the  Rhone.  This  mode  of  precipitaticm  is 
not  in  conflict  with  the  recent  careful  investigations  of  J»  Johnston 
and  E.  D.  Williamson,'^  who  have  shown  that  calcium  carbonate  is 
deposited  from  sea  water  by  changes  of  temperature  and  of  the  con- 
centration of  atmospheric  carbon  dioxide,  the  surface  layers  of  the  . 
ocean  being  usually  saturated  with  re^>ect  to  the  carbonate.  It  is 
evident  that  any  large  influx  of  an  ordinary  river  water  would  add 
calcium  carbonate  to  the  surface  of  the  sea  and  so  tend  to  super- 
saturate it — a  condition  which  must  often  occur  locally.       i     •    * 

Chemically  precipitated  calcium  carbonate  has  been  recognized 
by  S.  Sanford  and  also  by  T.  W.  Vaughan,®  along  the  coast  of  Florida. 
Here,  however,  G.  H.  Drew^^  has  shown  that  bacteria  are  responsiWo 

»  Sec  anlo,  p.  198.    Analyses  of  tula  and  travertine  are  there  given. 

«  Foragencral  account  of  the  onjrx  marbles  see  C .  P.  Merrill, Kept.  U.S.  Nat.  Mas.,  1886,  p.  541.  A  gMd 
table  of  analyses  is  given  in  this  memoir.    The  onyx  marbles  are  osnally  calcite,  rarely  aragonite. 

■  On  the  solubility  of  calcium  carbonate  and  other  carbonates  of  the  series  RCOi  to  pure  and  oarbauitod 
water,  see  J.  von  Essen,  Thesis,  Univ.  Geneva,  1907.  ' 

<  Principles  of  Rcology,  12th  cd.,  vol.  1, 1875,  p.  126. 

*  Jour.  Geolofn^,  vol.  21, 1010.  p.  729. 

«  See  8.  Sanford,  Second  Ann.  Rept .  Florida  (Jcol.  Survey,  1908-9, pp.  2JW-223, 228.  AlsoT.  W.  Vanglttn, 
Pub.  133,  Carnegie  Insl.  Washington,  1910,  pp.  114,  168  et  soq. 

'  Camegio  Inst.  Washington,  Pub.  182, 1914.  See  also  K.  F.  Kellcrman  and  N.  U.  Smith,  Joar.  Waatt- 
ingtoQ  Acad.  Sci.;  vol.  4,  p.  400, 191 1. 
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for  a  great  part  of  ihe  precipitation.  =  These  organisms  are  enomumsly 
abundant,    ami    their   metabolism  generates  animonium  carbonate  * 
which  serves  as  the  preeipitant.     This  is  a  different  process  from  that 
described  above. 

At  Pyramid  and  Winnemucca  lakes,  in  Nevada,  great  masses  of 
calcareous  tufa  are  formed,  and  sometimes,  according  to  I.  C.  Rus- 
sell,' the  deposit  takes  the  shape  of  oolitic  sand.  In  the  latter  instance 
the  precipated  carbonate  is  deposited  around  nuclei,  whidi  may  be 
grains  of  sand  or  other  for^gn  bodies.  Similar  formations  occur 
around  Great  Salt  Lake,  but  only,  as  G.  K.  Gilbert*  reports,  where 
there  is  much  agitation  of  the  waves.  The  tufa  is  not  formed  in 
sheltered  bays,  but  where  there  is  surf  the  overcharge  of  carbon  diox- 
ide is  easily  driven  out  of  the  water,  and  calcium  carbonate  is  precipi- 
tated. Oolitic  sand  is  also  found  at  Great  Salt  Lake,  and  in  this 
case  its  deposition  has  been  traced  by  A.  Rothpletz*  to  the  action  of 
minute  algae.    This  mode  of  formation  needs  to  be  considered  further. 

In  1 864  Ferdinand  Cohn  ^  studied  the  formation  of  travertine  at 
the  waterfalls  of  Tivoli.  He  found  there  that  many  aquatic  plants, 
especially  species  of  Chara,  mosses,  and  algse,  became  incrusted  with 
calcium  carbonate — a  fact  which  he  attributed  to  their  activity  in 
absorbing  carbon  dioxide  and  so  setting  the  carbonate  free;  that  is, 
plants  consume  carbon  dioxide  and  exhale  oxygen.  When  they  do 
this  in  water  containing  calcium  bicarbonate,  they  deprive  that  salt 
of  its  second  molecule  of  carbonic  acid,  and  the  insoluble  neutral 
carbonate  is  thrown  down.  The  sinter  or  travertine  is  thus  formed 
J)rimarily,  but  it  is  afterwards  transformed  into  a  compact  mass  by 
the  deposition  of  calcite  in  its  interstices;  and  in  times  of  flood,  when 
the  waters  are  muddy,  layers  of  sediment  are  laid  down  with  it. 

The  same  sort  of  plant  activity  has  been  repeatedly  observed  in 
connection  with  the  marl  deposits  of  certain  fresh-water  lakes.  The 
term  ''marl,''  it  must  be  noted,  is  very  vague,  and  has  been  applied 
not  only  to  earthy  forms  of  calcium  carbonate,  but  also  to  glauconitic 
sands  containing  no  carbonate  at  all.  Shell  marl,  as  its  name  indi- 
cates, is  largely  made  up  of  fragmentary  shells;  the  marl  here  men- 
tioned is  of  a  different  kind.  As  long  ago  as  1854  W.  Kitchell* 
pointed  out  that  CJiara  took  an  active  part  in  the  production  of  fresh- 

>  Mon.  V.  S.  Geol.  Survey,  vol.  11, 1885,  pp.  61, 189. 

s  Mon.  V.  8.  Oeol.  Survey,  vol.  1, 1890, p.  167. 

a  Am.  Geologist,  vol.  10, 1802,  p.  279.  See  also  E.  B.  Wethered,  Quart.  Joiir.  Geol.  Soc.,  vol.  51, 1806, 
p.  196,  on  oolite  from  other  localities.  Virlet  d'Aoust  (Compt.  Rend.,  vol.  45, 1857,  p.  865),  stodyliis  the 
formation  of  oolite  in  some  Mexican  lakes,  argnes  that  insect  eggs,  which  are  deposited  in  great  numbeiB 
on  the  surlaoe  of  the  water,  may  act  as  nuclei. 

4  Nens  Jahrb.,  1864,  p.  580.  An  earlier  paper  by  Cohn  (1862),  on  the  Carlsbad  "spmdelstflin,"  I  have 
not  been  able  to  see.  It  is  often  quoted.  W.H.  Weed  (Ninth  Ann.  Rept.  U.S.  Geol.  Survey,  1880,  p.  613, 
has  shown  that  the  travertine  formed  around  the  hot  springs  of  the  Yellowstone  National  Pftrk  Is  pto- 
duced  by  the  aid  of  algsD. 

•  First  Ann.  Rept.  Geol.  Survey  New  Jersey,  1855,  p.  50.  See  also  G .  H.  Cook,  Geology  of  New  J«f8e7» 
1868,  p.  172. 
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water  unarl.  In  1900  C.  A.  Davis  *  discussed  the  subject  much  more 
fully,  with  reference  to  some  lakes  in  Michigan,  and  came  to  essen- 
tially the  same  conclusions  as  Cohn.  Davis,  however,  regards  thct 
oxygen  liberated  by  the  aquatic  plants,  Chara,  etc.,  as  assisting 
in  some  way  the  precipitation  of  the  carbonate;  but  his  equation 
showing  the  supposed  reaction  rests  on  no  experimental  basis.  The 
activity  of  plants  in  marl  formation  was  also  considered  by  W.  S. 
Blatchley  and  G.  H.  Ashley  ^  in  their  report  on  the  lakes  of  Indiana, 
but  these  writers  attach  fully  as  much  importance  to  inflowing,  lime- 
bearing  springs.  The  attention  which  these  deposits  have  received 
is  due  to  their  value  for  fertilizing  purposes.  It  is  possible,  as  Mr; 
Bailey  Willis  has  suggested  to  me,  that  some  marine  limestones  have 
been  formed  by  plant  agencies.  In  the  shallow  seas  which  are. 
thought  to  have  covered  a  large  part  of  the  North  American  conti- 
nent the  calcium  carbonate  may  well  have  been  thrown  down  by  algse. 
To  produce  a  permanent  deposit,  however,  the  water  must  have  been  / 
too  warm  to  carry  much  carbonic  acid  in  solution,  and  too  shallow 
for  the  precipitate,  while  sinking,  to  redissolve. 

Another  process  by  which  calcium  carbonate  may  be  precipitated^ 
was  pointed  out  by  G.  Steinmann,^    He  found  that  albumen,  which( 
is  present  in  the  organic  parts  of  all  aquatic  animals,  was  a  distinct/ 
precipitating  agent.    Apparently,  by  fermentation,  the  albxmiinoids) 
generate  ammonium  carbonate,  and  to  that  compound  the  precipita-  [ 
tion  of  calcium  carbonate  is  due.    This  or  any  other  alkaline  carbon-  : 
ate,  entering  waters  saturated  with  calcium  carbonate,  would  bring 
about  the  separation  of  the  last-named  salt. 

In  studying  the  formation  of  shell  limestone  or  coral  rock,  it  is 
desirable  to  take  account  of  the  fact  that  calcium  carbonate  exists 
in  at  least  two  geologically  important  modifications — calcite  and 
aragonite.  Calcite  crystallizes  in  the  rhombohedral  division  of  the 
hexagonal  system,  and  has,  when  pure,  a  specific  gravity  between 
2.71  and  2.72.  Aragonite  is  orthorhombic,  and  its  specific  gravity  is 
near  2.94,  Calcite  is  by  far  the  more  abundant  form,  and  it  is  also 
the  more  stable.*    Aragonite  alters  easily  to  paramorphs  of  calcite, 

m  —  '  ■    -  M 

»  Jour.  Geology,  vol.  8, 1900,  pp.  485, 4»8;  vol.  9, 1901,  p.  491. 

>  Twenty-fifth  Aim.  Rept.  Dept .  Geology,  etc. ,  Indiana,  1900,  pp.  31-322.  The  memoir  contains  analyses 
of  marls  by  W.  A.  Noyes.  See  also  a  criticism  by  C.  E.  Siebenthal,  Jour.  Geology,  vol.  0, 1901,  p.  354. 
W.  C.  Kerr,  in  Geology  of  North  Carolina,  vol.  1,  p.  187,  gives  many  analyses  of  marl  from  that  State.  An 
elaborate  report  on  marl,  by  D.  J.  Hale,  and  others,  forms  part  3  of  volume  8,  Michigan  Geol.  Survey,  1900. 

•  Ber.  Naturfbrsch.  Gesell.  Freiburg,  vol.  4, 1889,  p.  288. 

*  See  the  physicochemical  researches  of  H.  W.  Foote  (Zeitschr.  physikal.  Chemie,  vol.  33, 1900,  p.  740),  in 
which  this  point  is  developed  quantitatively.  Important  modem  papers  om  the  relations  between  calcite> 
and  aragoDit«  are  by  H.  Vater,  Zeitschr.  Kryst.  Min.^  vol.  21, 1893,  p.  433;  vol.  22, 1894,  p.  209;  voL  34^ 
189&,  pp.  366, 378;  vol.  27, 1897,  p.  477;  and  vol.  30, 1899,  pp.  295,  485.  See  also  O.  Miigge,  Neues  Jahrb., 
Beil.  Band  14, 1901,  p.  246,  and  H.  Leitmeier,  Neues  Jahrb.,  1910,  Band  1,  p.  49.  On  the  oonditioos  under 
which  calcite  and  aragonite  are  formed  as  chemical  precipitates  see  W.  Meigen,  Ber.Naturtesch.  OeseU. 
Freibuig,  vol.  13, 1903,  p.  40,  and  vol.  IS,  1905,  p.  38,  and  H.  Warth,  CentialbL  Min.,  Geol.  a.  Pal.,  1900^ 
p.  492.  Accordhig  to  W.  Vauljel  (Jour,  prakt.  Chem.,  ser.  2,  vol.  86, 1912,  p.  866),  aragonite  contains  a 
small  admixture  of  a  hydrobaslc  carbonate. 
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but  the  reverse  change  rarely,  if  ever,  occurs.  The  reported  para- 
morphs  of  aragonite  after  calcite  are  of  doubtful  authenticity.  Ac- 
cording to  P.  N.  Laschenko'  aragonite  when  heated  to  445^  begins 
to  change  into  calcite.  The  change  is  complete  at  470^.  A  mono- 
clinic  variety  of  calcium  carbonate,  lublinite,  has  recently  been  de- 
scribed by  R.  Lang.^  E.  Quercigh,^  however,  has  shown  that  it  is 
merely  calcite.  Another  crystalline  modification  since  named  vater- 
ite,  forming  spheruhtic  aggregates,  was  first  observed  by  H.  Vater 
(loc.  cit.),  but  it  is  not  knoiira  to  occur  in  niituro.  It  was  produced 
artificially. 

In  recent  years  two  other  varieties  of  calcium  carbonate  have  been 
described  as  distinct  from  calcite  and  aragonite.  The  carbonate  of 
some  moUuscan  shells,  which  had  been  called  aragonite,  was  made 
into  a  distinct  species  by  Agnes  Kelley,*  who  named  it  conchite.  The 
pi&oUte  formed  at  the  hot  springs  of  Ilammam-Meskoutine,  Algeria, 
was  given  specific  rank  by  A.  Lacroix,^  under  the  name  ktypeite. 
Both  of  these  alleged  species  have  since  been  identified  with  aragon- 
ite ^  and  need  no  further  consideration  hero. 

In  a  very  thorough  synthetic  investigation  J.  Johnson,  H.  E.  Mer- 
win,  and  E.  D.  Williamson'  have  foimd  that  anhydrous  calciimi 
carbonate  exists  in  only  three  forms,  namely,  calcite,  aragonite,  and 
an  unstable  modification,  crjrstallizing  in  hexagonal  plates,  which  is 
not  known  to  occur  as  a  natural  mineral.  The  other  alleged  modifi- 
cations mentioned  above  have  no  existence  as  distinct  species. 

Calcite  and  aragonite  may  be  distinguished  from  each  other,  when 
not  distinctly  crjrstaUized,  either  by  their  differences  in  specific 
gravity  or  in  their  optical  properties.  There  are  also  two  chemical 
tests  discovered  by  W.  Meigen.*  When  aragonite  is  immersed  in  a 
dilute  solution  of  cobalt  nitrate,  it  is  colored  lilac,  and  the  color  per- 
sists on  boiling.  Calcite,  imder  hke  treatment,  remains  white  in  the 
cold,  but  becomes  blue  on  long  boiling.  Again,  calcite,  in  a  solution 
of  ferrous  sulphate,  produces  a  yellow  precipitate  of  ferric  hydroxide; 

»  Chem.  Abstracts,  vol.  6, 1912,  p.  464.    From  a  Russian  original. 

•  Neue^  Jahrb. ,  Deil.  Band  38.  p.  121 ,  1914.  Aooording  to  O .  Mugge  (Centralbl.  Min.,  Oeol.  u.  Pal.,  1914, 
p.  673),  lubllnite  is  merely  a  pseudomorph  and  not  a  species.    For  a  reply  by  Lang,  see  idem,  1915,  p.  298. 

» liivista  min.  crist.  Italia,  vol.  14, 1916,  p.  Go. 
<Miiieralog.  Maj,'.,  vol.  12, 1'JOO.  p.  3W. 

•  Compt.  Reod.,  vol.  120,  ISOS,  p.  602.  For  anoUier  description  of  this  deposit  see  I..  Dupttit,  Arch.  sci. 
phys.  nat.,  3d  scr.,  voL  20, 18S8,  p.  537. 

•  On  conchite,  see  R.  Brauns,  Centralbl.  Min.,  Geol.  u.  Pal.,  1901,  p.  134.  11.  Vater  (Zeilschr.  Kryst. 
Kin. ,  vol.  35, 1902,  p.  1 19) ,  oN'amlnod  both  conchite  and  ktypeite.  Vater  also  describes  the  Carlsbttd  "^ra^ 
delstein,''  which  is  aragonite. 

»  Am.  Jour.  Sci.,  4lh  ser.,  vol.  41, 1916,  p.  473. 

•  Centralbl.  Min.,  GeDl.  u.  Pal.,  1901, p.  577;  Bor.  Oborrheln. geol.  Varein,  1902,  p.  31;  Ber.  Naturfbrsch. 
Oesell.  Freiburg,  vol.  15, 1905,  p.  55.  See  also  A.  Ilutchinson,  Minefalog.  Mag.,  vol.  13, 1'ltHS.,  1J03,  p. 
xxviiJ;  G.  WyronbolT,  Bull.  Soc.  rain.,  vol.  24, 1901,  i .  371;  and  S.  Krcutz,  Min.  pet.  Mitt,  vol.  28, 1900, 
p.  487.  S.  J.  Thugutt  (Centralbl.  Min.,  Geol.  u.  Pal.,  1910,  p.  786)  describes  color  discrimbiatioiis  based 
upon  the  use  of  organic  dyes.  See  also  Vaubel  (loc.  dt),  and  K.  Nlederstadt,  Zeitsdir.  angew.  Cbemie, 
▼ol.  25, 1912,  p.  1219.  According  to  G.  Poneblanco  (abstract  In  Zeitadu*.  Krj-st.  Min. ,  vol.  40,  I906;p.  288), 
the  "hydroxides"  of  Meigen's  reaction  are  really  carbonates.  On  the  ferr3us-.sulphate  test  see  also  W. 
Diesel.  Zeitschr.  Kr-st.  Min.,  vol.  49,  p.  i'.V),  lOll.    See  als i  Johnston,  ^ierwla,  and  Williamson, loc.  eft. 
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whAe  aragonito  gives  a  dark-greenish  preeipitAto  of  ferrous  faydrox-* 
ide.  These  tests  were  applied  by  Meigen  to  a  largo  number  of  shells 
and  coralsy  both  recent  and  fossil,  and  the  mineralo^al  character  of 
each  species  was  determined.  A  hst  of  the  determinations  is  given 
in  his  memoir. 

The  importance  of  discriminating  between  calcite  and  aragonite 
was  pointed  out  very  clearly  by  H.  C.  Sorby/  in  his  address  upon 
the  origin  of  hmestones.  He  too,  much  earlier  than  Meigen,  gave 
data  concerning  the  calcareous  parts  of  different  classes  of  animals^ 
and  showed  that  shells  composed  of  aragonite  rarely  appeared  as 
fossils.  The  same  subject  was  also  discussed  by  V.  Cornish  and 
P.  F.  Kendall  ^  on  the  basis  of  experiments  in  which  they  found  that 
carbonated  waters  decompose  and  disintegrate  aragonite  shells  much 
more  readily  than  shells  formed  of  calcite.  The  difference,  however, 
is  attributed  to  structure  rather  than  to  mineralogical  distinctions. 
But  be  that  as  it  may,  while  calcite  organisms  remam  permanently 
in  fossil  form,  aragonite  shells  largely  disappear.  Only  the  lai^er, 
denser,  heavier  aragonite  structures  seem  to  be  preserved  to  any 
considerable  extent.  Kendall  ^  has  appUed  these  observations  to  the 
study  of  oceanic  oozes.  The  pteropod  shells,  being  mainly  aragonite, 
disappear  below  1,500  fathoms  depth,  while  the  calcitic  globigerina 
is  found  in  ooze  at  2,925  fathoms.  From  the  fact  that  the  Upper 
Chalk  of  England  contains  only  x^cite  organisms,  Kendall  *  infers 
that  it  was  deposited  at  a  depth  of  at  least  1,500  fathoms.  Attempts 
have  been  made  to  identify  chalk  with  the  globigerina  ooze,  but  L. 
Cayeux  ^  has  shown  that  the  two  substances  are  markedly  different. 
Chalk,  however,  is  composed  of  organic  remains,  largely  foraminif- 
eral,  and  imdoubtedly  represents  an  ooze  of  some  kind.^  It  also 
contains  detrital  impiurities,  and  in  chalk  from  northern  France 
Cayeux  ^  has  identified  microscopic  particles  of  quartz,  zircon,  tour- 
maUne,  rutile,  magnetite,  muscovite,  orthoclase,  plagioclase,  anatase, 
brookite,  chlorite,  staurolite,  garnet,  apatite,  ilmenite,  and  corundum. 
These  impurities  exist  in  very  small  proportions,  and  for  practical 
purposes  chalk  may  be  regarded  as  nearly  pure  carbonate  of  hme  in 
exceedingly  fine  subdivision. 

In  his  study  of  the  ooUtes  G.  Linck®  has  shown  that  all  recent 
deposits,  so  far  as  he  was  able  to  examine  them,  were  composed  of 

*  Quart.  Joiir.  Boc,  vol.  35,  Proc,  1879,  p.  50. 

<  deol.  Uat^.,  188S,  p.  6C.    See  also  P.  Tesch,  Proc.  S«c  ScL,  Amsterdam  Aoad.,  vol.  U,  190S,  p.  236;  A. 
R.  Honrood,  Geol.  Mag.,  1910,  p.  173;  and  O.  A.  J.  Cole  and  O.  H.  Little,  idem,  1911,  p.  49. 
«  Kept.  Brit.  Assoc.  Adv.  ScL,  1696,  p.  789. 

*  Idem,  1890,  p.  791. 

»  Mdm.  Soc.  g^l.  du  Nord,  vol.  4,  pt.  1897,  p.  618. 

«  See  C.  Wy  vlUe  Thompson,  Depths  of  the  sea,  London,  1874,  pp.  467, 501. 

»0p.  cit.,p.  257. 

8  Neues  Jahrb. ,  Beil.  Band,  1 6  p.  495.  Linck  gives  a  good  summary  of  previous  literature  upon  oolite. 
Bee  also  II.  Fischer,  Honatsh.  Deulsch.  geol.  Gesell. ,  1910,  p.  247.  Bee  also  T.  C  Brown,  BolL  GeoLSoc 
America,  vol.  25, 191 1 .  p.  745,  F.  M.  Van  Tuyl,  Jour.  Geology,  vol.  3-4, 191C,  p.  792,  and  W.  H.  Bnoher,  Jour. 
Geology,  vol.  26, 1918.  p.  593. 
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aragonite,  while  tlie  older  "fossir'  occurrences  were  calcite — that  is, 
according  to  his  observations,  oolite  forms  as  aragonite  and  slowly 
changes  to  the  more  stable  calcite.  By  experimenting  directly  with 
sea  water  it  was  found  that  precipitation  with  sodium  or  ammonium 
carbonate  produced  aragonite,  as  determined  by  Meigen's  reaction 
with  cobalt  nitrate.  When  solutions  of  calcium  bicarbonate  alone 
were  allowed  to  evaporate,  Linck  further  found  that  at  ordinary 
atmospheric  temperature  calcite  was  deposited,  but  that  at  60®  aragon-  \ 
ito  was  formed.  In  sea  water,  then,  the  separation  of  calcium  car- 
bonate in  one  modification  or  the  other  is  conditional  upon  the  proc- 
ess of  precipitation  and  probably  also  upon  climate.  Where  organic 
decay  is  prominent,  the  ammonium  carbonate  produced  thereby  may 
act  as  precipitant,  and  that  is  more  likely  to  be  the  case  in  warm 
climates  than  in  cold.  The  direct  deposition  of  calcium  carbonate 
is  commonly  in  the  calcite  form,  because  the  temperature  of  oceanic 
water  is  usually  low.  The  two  minerals  in  certain  cases  may  be 
formed  together,  and  this  actually  happens  in  the  growth  of  some 
shells.  A  shell  may  consist  of  a  principal  mass  of  calcite,  coated  by 
a  pearly  layer  of  aragonite,  and  other  associations  of  the  two  species 
in  a  single  animal  are  well  known.  In  the  fossilization  of  such  a 
shell  the  aragonite  portion  is  commonly  destroyed,  while  the  calcitic 
layer  or  fragment  is  preserved. 

In  what  manner  do  plants  and  animals  withdraw  or  segr^ate 
calcium  carbonate  from  sea  water  ?  To  this  question  there  have  been 
many  answers  proposed,*  but  the  problem  is  essentially  physiological, 
and  its  full  discussion  would  be  inappropriate  here.  Some  of  the 
answers,  however,  were  framed  before  the  modem  theory  of  solutions 
had  been  developed,  and  are  therefore  no  longer  relevant.  It  ia  not 
necessary  to  ask  whether  the  living  organisms  derive  their  calcareous 
portions  from  the  sulphate  or  chloride  of  calcium  or  absorb  the  car- 
bonate directly,  for  these  salts  are  largely  ionized  in  sea  water.  It 
is  only  essential  that  calcium  ions  and  carbonic  ions  shall  be  simul- 
taneously present;  then  the  materials  for  coral  and  shell  building 
are  at  hand.  The  carbonic  ions  may  be  of  atmospheric  origin,  or 
brought  to  the  sea  by  streams,  or  developed  by  the  physiological 
processes  of  marine  animals,  or  a  product  of  organic  decay;  all  of 
these  sources  contribute  to  the  one  end  and  help  to  supply  the  mate- 
rial from  which  limestones  are  made.  Where  marine  life  is  abun- 
dant, there  also  the  carbonic  ions  abound.  This  fact  is  strikingly 
shown  by  W.  L.  Carpenter's  analyses  *  of  the  gases  extracted  from 
sea  water  and  their  correlation  with  the  results  obtained  by  dredging. 
In  one  series  of  three  samples  from  different  depths,  but  at  the  same 
locality,  the  gases  were  composed  as  follows: 

»  See  R.  Brauns,  Chemischo  Mineralogie,  pp.  377-378,  for  a  summary  of  this  subject. 
« In  r.  Wyvllle  Thomson's  Depths  of  the  Sea,  London,  1874,  pp.  502-511.    On  p.  MS  Is  fbm  a  table  of 
Analyses  of  sea  water  by  Frankland,  in  which  the  presence  of  abundant  organic  matto'  is  shown. 
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■ 

Gases  extracted  from 

sea  water  collected  at  different  depths. 

' 

862  fathoms 
(bottom). 

SOOIathoms. 

750  fathoms. 

0, 

17.22 
34.50 
48.28 

17.79 
48.46 
33.75 

18.76 

Nj 

49.32 

CO, - -  - 

31.92 

100.00 

100.00 

100.00 

On  tJie  bottom,  where  the  proportion  of  COj  was  highest,  animal 
life  was  abundant,  and  the  dredge  brought  up  a  rich  haul.  At 
another  point,  where  the  CO3  at  the  sea  bottom  fell  to  7.93  per  cent, 
the  dredge  made  a  very  bad  haul.  In  short,  from  the  composition 
of  the  dissolved  gases,  it  was  possible  to  assert  whether  Uving  forms 
were  scarce  or  plentiful  upon  a  particular  point  of  the  ocean  floor. 

The  most  obvious  occurrence  of  limestone  building  from  shells  is 
that  which  may  be  observed  on  many  sea  beaches.  The  coquina  of 
Florida  is  a  familiar  example  of  this  kind.  Masses  of  shell  frag- 
ments are  there  compacted  together,  cemented  by  calcium  carbonate 
which  has  been  deposited  from  solution  between  the  bits  of  shell,  and 
a  fairly  substantial  rock,  available  for  building  purposes,  is  produced. 
Some  quartz  sand  is  commingled  with  the  shell  material,  and  at  one 
locality,  noted  by  W.  H.  Dali,*  limonite,  deposited  by  a  chalybeate 
spring,  serves  as  the  cementing  substance. 

In  the  Bay  of  Naples,  according  to  J.  Walther,*  calcareous  alg^e, 
especially  of  the  genus  Liffioffiamnium,  are  conspicuous  makers  of 
limestone;  and  similar  observations  have  been  made  elsewhere  by 
others.  Lithothamnium  is  a  seaweed  whose  framework  or  skeleton 
consists  of  calcite;  another  genus,  IlaJimeda,  which  is  also  active  in 
limestone  making,  contains  aragonite.  In  recent  years  the  geologic 
significance  of  these  algae  has  become  generally  recognized.' 

From  a  genetic  point  of  view  the  coralline  limestones  have  probably 
been  the  limestones  most  carefully  studied.  Their  formation  around 
coral  islands  and  in  coral  reefs  can  be  observed  with  the  greatest 
ease,  and  the  process  may  be  followed  step  by  step.  First,  the 
living  coral;  then  its  dead  fragments,  broken  into  sand  by  Ae  waves; 
then  their  cementation  by  solution  and  redeposition  of  calcium  car- 
bonate; and  finally  the  solid  rock,  made  up  visibly  of  organic  remains, 
may  be  seen.  In  such  limestones,  according  to  E.  W.  Skeats,^  both 
calcite  and  aragonite  occur,  directly  deposited  from  the  sea  water. 
In  composition,  when  recent,  they  are  like  the  coral  itself,  nearly 

1  Am.  Jour.  Set,  3d  ser.,  vol.  34, 1887,  p.  163. 

>  Zeitschr.  Deutsch.  geol.  Gesell. ,  vol.  37, 18S5,  p.  329. 

>  E.  7.  Garwood  (Oeol.  Mag.,  1913,  pp.  440, 490, 552)  has  pointed  out  the  great  geologic  importance  ol  the 
calcareous  algse. 

*  Boll.  Mu8.  Comp.  Zool.,  vol.  42, 1903,  pp.  53-120. 
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pure  carbonate  of  lime,  but  a  little  organic  matter  is  abo  present, 
some  earthy  matter,  and  very  small  quantities  of  ralrinm  phosphati*. 
lu  corals  from  the  Gulf  Stream  S.  P.  Sharpies^  found  from  95.37  to 
98.07  per  cent  of  CaCO.,  and  0.28  to  0.84  of  Ca^jD^.  These  results 
are  concordant  with  those  obtained  by  many  oUier  an^ysts,'  and 
need  no  further  illustration  just  now.  The  alteration  of  coral 
rock  to  dolomite  will  be  considered  later.  ^  - 

From  what  has  been  said  in  the  preceding  pages,  it  is  evident 
that  important  limestones  may  be  formed  in  various  ways,  which, 
however,  are  chemically  the  same.  Calcium  carbonate,  withdrawn 
from  fresh  or  salt  water,  is  laid  down  under  diverse  conditions, 
yielding  masses  which  resemble  one  another  only  in  composition. 
An  oceanic  ooze  may  produce  a  soft,  flourlike  substance  such  as 
chalk,  or  a  mixture  of  carbonate  and  sand,  or  one  of  carbonate  and 
mud  or  clay.  Calcium  carbonate,  transported  as  a  silt,  may  solidify 
to  a  very  smooth,  fine-grained  rock,  while  shells  and  corals  yidd  a 
coarse  structure,  full  of  angular  fragmente  and  visible  organic  remdns. 
Buried  under  other  sediments,  any  of  these  rocks  may  be  still  further 
modified,  the  fossils  becoming  more  or  less  obliterated,  until  in  the 
extreme  case  of  metamorphism  a  crystalline  limestone  is  formed. 
All  trace  of  organic  origin  has  then  vanished,  a  change  which  both 
heat  and  pressure  have  combined  to  bring  about,  aided  perhaps  by 
the  traces  of  moisture  from  which  few  rocks  are  free.  Several  experi- 
mental investigations  bear  directly  upon  this  class  of  transformations. 

To  illustrate  the  influence  of  pressure  alone,  we  have  an  important 
experiment  by  W.  Spring.^  A  quantity  of  dry,  white  chalk,  inclosed 
in  a  steel  tube,  was  placed  in  a  screw  press  under  a  pressure  of  6,000 
to  7,000  atmospheres,  and  left  there  for  a  little  over  seven teeii  years. 
At  the  end  of  that  time  it  had  become  hard  and  smooth,  with  a 
glazed  surface,  and  was  somewhat  discolored  by  iron  from  the  tube. 
It  was  also  in  part  distinctly  crjrstalline ;  in  short,  it  resembled  to 
some  extent  a  crystalline  limestone,  although  the  change  was  not 
absolutely  complete. 

When  heated  above  redness  at  ordinary  pressures,  limestone  decom- 
poses into  carbon  dioxide  and  lime.  This  is  the  common  change 
produced  in  a  limekiln.  Under  pressure,  however,  this  dissociation 
is   prevented    and    calcium   carbonate   may   be    apparently  fused. 

t  Am.  .Toiir.  Sci. ,  3(1  <o.r. ,  vol.  1 ,  1871 ,  p.  1«»S. 

s  Sec,  for  exaiui>le.  ( i .  Forchhammer,  Neues  Jalirb. ,  18o2,  p.  8al,  and  A .  Liversidgo,  Troc  Boy. Soe.N«w 
South  Wales.  \  ol.  1  J.  I sso.  p.  159,  on  coral  li*om  New  Hebrides,  and  ooral  rock  Irom  DukB  of  Yoik Island. 
Also  A.  J.  Jukes-Brown  and  J.  B.  Harrison,  Quart.  Jour.  Geol.  Soc.,  vol.  47, 1891,  p.  234yiM  OonlnelES 
fjrom  Borbadoes.  A  number  of  analyses  of  ooquina,  ooralline  limestones,  et&,  are  gly«a  la  BnU.  U.  S. 
Geol.  SuTA'cy  No.  228, 1904.  Several  analyses  by  H.  W.  Nichols  appear  in  Pub.  lU ,  Field  CoIumbJan  Mm,, 
1906,  p.  31.  Several  analyses  of  Brazilian  conJs  by  L.  R.  Lenox  are  in  Bull.  Mas.  Compt.  ZooLf  v6LM, 
1904,  p.  264.  More  than  thirty  analyses  of  corals  are  given  in  Prof.  Paper  V,  S.  Geol.  Sarvey  Na.102,1817. 
A  monographic  paper  entitled  Untersucbungen  ueber  organische  Kalkgebilde,  by  O.  Bfltachli  is  in 
Abhaiull.  K.  Gcsell.  Wiss.,  Cdttini^cn,  new  series,  vol.  6,  No.  3,  190S.  This  paper  is  rich  inrehnacmto 
literature. 

•  Zoitschr.  anorg.  Chemie,  vol.  U,  1896,  p.  160. 
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Over  a  c^itury  ago  Sir  James  Hall^  heated  limestone  in  dosed 
vessels  and  obtained  from  it  a  product  identical  in  general  character 
with  crystalline  marble.     Since  Hall's  time  the  experiment  has  been 
repeated  by  a  number  of  other  investigators,  under  varying  condi- 
tions, with  various  degrees  of  success,  and  with  quite  dissimilar 
interpretations.     It  was  supposed  at  first  that  Hall  had  fused  Ume- 
stone,  and  this  beUef  was  prevalent  for  many  years.    G.  Rosoi' 
however,  transformed  a  compact  limestone  into  mai4>le  as  Hall  had  / 
done,  but  without  evidence  of  fusion;  and  A.  Becker,^  in  a  more  I 
extended  research,  found  that  by  moderate  heat  and  relatively  sUght  ^ 
pressure  calcium  carbonate  could  be  converted  into  a  finely  granular  k 
mass.     A  fine  powder  of  the  carbonate  even  developed  into  largfiir 
grains  of  calcito  without  either  fusing  or  softening. 

In  the  experiments  of  H.  Le  ChateUcr*  an  actual  fusion  of  the 
carbonate  was  perhaps  effected.  The  chemically  precipitated  car- 
bonate was  inclosed  in  a  steel  cylinder  between  two  pistons,  under  a 
pressure  of  about  1,000  kilograms  to  the  square  centimeter.  Heat 
was  applied  by  an  electric  current  passing  through  a  spiral  of  plati- 
num wire  embedded  in  the  mass,  and  the  temperature  attained  was 
about  1,050°.  Under  these  conditions  the  calcium  carbonate  near 
the  spiral  was  fused  to  a  translucent  mass  resembling  some  marbles. 
Between  the  fused  and  unfused  portions  there  was  a  sharp  demarca- 
tion, with  no  indication  of  any  intermediate  state.  In  his  second 
paper  Le  Chatelior  states  that  even  at  1,020°  and  under  slight  or 
insignificant  pressure  calcium  carbonate  a^lomerates  to  a  crystal- 
line mass.  In  similar  experiments  A.  Joannis^  was  able  to  transform 
chalk  into  something  like  marble  at  a  temperature  above  the  melt- 
ing point  of  gold  and  under  a  pressure  of  15  atmospheres.  Joanni^ 
suggests  that  the  melting  point  of  calcium  carbonate  may  perhaps 
be  lowered  by  pressure.  H.  E.  Booke,®  however,  has  obtained  a 
true  fusion  of  calcium  carbonate  at  1,289°,  under  a  pressure  of  110 
atmospheres. 

From  all  of  this  evidence  we  may  conclude  that  the  change  from 
apparently  amorphous  calcium  carbonato  to  a  distinctly  crystalline  '-. 
limestone  or  marble  may  be  effected  by  pressure  alone,  heat  alone,  or 
both  together.     Actual  fusion  may  or  may  not  occur;  at  all  events 

1  Trans.  Roy.  Soc.  Edinburgh,  vol.  6,  1812,  p.  71.  The  experiments  were  performed  in  1805.  For  a 
summary  of  the  results  obtained  by  Bucholz,  PetzhoIdt,and  Richthofcn.see  J.  L6mber(;,Zeitsehr.  Deatsch. 
geol.  Gesall.,  vol.  24, 1872,  pp.  237-241.  Lemberg  crlUcizos  the  conclusions  drawn  from  Hail's  data,  and 
expresses  a  strong  doubt  as  to  whether  fusion  actuaUy  occurred. 

s  Fogg.  Annalen,  vol.  118, 1863.  p.  565. 

*  Uin.  pet.  MitL,  voL  7, 1886,  p.  122.  Becker  also  gives  a  good  summary  of  the  earlier  literature  of  tha 
sabject. 

♦Compt  Rend.,  vol.  115, 1892,  pp.  817, 1009.    Two  papers. 

*  Idem,  vol.  115, 1802,  pp.  034, 1236.    Two  papers. 

*  Neues Jahrb.,  1912,  Bond  1,  p.  91.  Inanother  papor,  Hitt.  Naturforsch.  Gesell.  Halie,  vol. 3, 1913,  Boeka 
has  also  determined  the  molting  point  of  barium  carbonate,  1,600*  under  90  atmospheres  pressure,  and 
strontium  carbonate,  1,407"  under  60  atmospheres. 
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it  seems  to  be  unnecessary.  FurthorniorC)  it  is  highly  probable  that 
wat<>r  plays  some  part  in  bringing  about  the  trtosformation,  for  in 
geological  phenomena  its  influence  is  rarely  excluded.  If  water  did 
no  more  than  to  dissolve  and  redeposit  particles  of  carbonate,  it 
would  go  far  toward  producing  the  observed  change  in  structure. 
Under  these  conditions  the  carbonate  would,  in  time,  become  a 
coarsely  crystalline  or  granular  mass  of  calcite.  * 

The  following  analyses  of  limestones  are  all  taken  from  the  lab- 
oratory records  of  the  United  States  Geological  Survey.* 

Analyses  of  limestones, 

A.  Limestone,  Lee,  Massacbosetts.    Analsrsis  by  G.  Stei|;er. 

B.  Limestone,  Silverdale,  Kansas.    Analysis  by  C.  Catlett. 

C.  Lithographic  stone,  Solenbofen,  Bavaria.    Analysis  by  Steiger. 

D.  Oolitic  sand,  Great  Salt  Lake,  Utah.    Analysis  by  T.  M.  Chatard. 

E.  CoqiUna,  Key  West,  Florida.    Analysis  by  F.  W.  Clarke. 

F.  Recent  coral  (Sidcrastrca),  Bermuda.    Analysis  by  L.  G.  Eakins. 

G.  Composite  analysis,  by  H.  N.  Stokes,  of  345  limestones. 

H.  Composite  analysis,  by  Stokes,  of  498  limestones  used  for  building  purposes.    Does  the  high  pro- 
portion of  silica  generally  determine  the  availability  of  these  rocks  to  structural  ends? 
Ideally  pure  calcium  carbonate  contains  56.04  per  cent  of  CaO  and  43.96  of  COs. 
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t>  Includes  organic  matter. 


Limestones  undergo  alteration  in  several  ways.    They  may  be  silici- 
fied  by  percolating  waters,  or  phosphatized,  as  is  often  seen  on 

1  See  Bull.  No.  228, 1904,  pp.  301-336,  where  234  analyses  of  carbonate  rocks  ar«  givtn.  For  other  data 
see  T.  C.  Hopkins,  Ann.  Rept.  Arkansas  Geol.  Survey,  vol.  4, 1800;  S.  W.  KoOallie,  BuIL  GaoL  Survey 
Georgia  No.  1, 1004.  F.  G.  Clapp,  Boll.  U.  8.  Geol.  Survey  No.  240, 1005,  gives  many  analyaesoompltod 
from  the  geological  reports  ol  Pennsylvania.  B.  Ries  and  E.  C.  Eckel,  Bull.  N«w  York  State  Mas.  No.  44, 
1001;  Ries,  Fifty-first  Ann.  Rept.  New  York  State  Mas.,  pt.  2, 1800,  pp.  857-467;  E.  C.  Eckel,  BidL  U.  S. 
Geol.  Survey  No.  243, 1005,  on  cement  materials;  W.  G.  Miller,  Rept.  Bur.  Mines  (Ontario),  pL9, 1901 ; 
T.  C.  Hopkins  and  C.  E.  Siebenthal,  Twenty-first  Ann.  Rept.  Dept.  Geology,  etc.,  Indiana,  1800,  pp;  i>8- 
427.  On  the  evolution  of  limestones  and  the  relation  of  their  composition  to  geologie  age  see  R.  A.  Wtj, 
Am  Jour.  Sd.,  4th  ser.,  vol.  i8, 1007,  p.  03,  and  Bull.  Geol.  800.  America,  1000,  vol.  20^  p.  150. 
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guano4fliao^.^  •  By*  oxidftthm  ef  inclosed  pyrite,  acid  SB^phates  can 
^be  fermedy  and  these  will  alter  the  limestone  partially  or  entirety  to 
^^gypsum.  Acid  waters  dissolve  limestone  with  evolution  of  carbon 
dToxidp;  and  some  eflFervescent  springs  may  owe  their  sparkling^ 
qualities  to  reactions  of  this  kind.  A  honeycombed  limestone  at  the 
bottom  of  Lake  Huron  was  possibly  corroded  by  water  of  an  acid  type. 
R.  Bell '  found  the  water  of  the  lake  over  the  limestones  to  be  distinctly 
acid,  the  acidity  having  been  possibly  derived  from  sulphides  in 
Huronian  rocks  to  the  northward.  By  thermal  metamorphism  a  lime- 
stone may  be  profoundly  altered;  but  that  class  of  changes  is  to  be 
considered  in  another  chapter.  By  far  the  most  important  alteratio] 
however,  is  that  produced  by  waters  containing  carbon  dioxide 
especially  meteoric  waters.  These  dissolve  limestone,  and  the  cavei 
formed  in  limestone  regions  are  produced  in  this  way.  Great  masses  ^ 
of  limestone  are  thus  removed,  to  be  deposited,  generally  in  a  di£fused  if 
form,  elsewhere.  At  the  same  time,  the  insoluble  residual  impurities 
are  left  behind,  in  the  form  of  sand,  clay,  ores  of  manganese  and  iron, 
etc.'  Some  analyses  of  such  residual  clays  are  given  in  the  preceding 
chapters.  These  residues  are  very  variable  in  composition,  and  rarely 
approximate  to  kaolin.  This  point  was  developed  by  H.  Le  Chate- 
lier,*  who  dissolved  several  calcareous  marls  in  acetic  acid,  and 
analyzed  the  residual  silicates.  Kaolinite  was  not  found  in  them; 
but  hydrous  silicates  of  alimiinum,  ill  defined  and  impure,  were  gen- 
erally obtained.  In  one  sample  from  the  French  Congo,  the  residue 
was  a  silicate  of  magnesium.  According  to  A.  L.  Ewing,'  the  rate  of 
limestone  erosion  in  Spring  Creek  Valley,  Center  County,  Pennsyl- 
vania, amounts  to  275  tons  per  square  mile  per  annum.®  This  cor- 
responds to  a  lowering  of  the  land  surface  in  that  region  of  about 
one  foot  in  nine  thousand  years. 

DOLOMITE. 

In  the  foregoing  pages  upon  limestone,  the  magnesian  varieties 
have  been,  purposely  left  out  of  account.  They  represent  transitions 
from  calcium  carbonate  to  dolomite,  CBMg(C0^)2,  a  rock  of  great 
importance  both  practically  and  theoretically,  and  one  which  de- 
mands separate  consideration.  In  addition  to  dolomite,  it  is  neces- 
sary also  to  consider  magnesium  carbonate  itself,  magnesite,  and  its 

Xmg,  Zeitschr.  Deutsch.  geol.  GeselL,  vol.  28, 1876,  p.  562;  and  W.  Clemm,  Inaag.  Diss.  Freiburg,  1909.- 
On the silidflcation of  fossils, R.  S. BasslgvXEoc^ijJiat, Mas.,  vol. 35jl9^,.£;jaa.    On phosphatixa- 


tSoD  see  HU^vinfijgnd  W.  8.  AndereOT/nroc.  Roy.  Soc,  Edlnbafgn7foni57l891,  p.  52;  L.  Gassner,  Inaag. 
Diss.  Freiburg,  1906,  and  references  in  the  section  on  phospE9trr6ckInTEe  preceding  chapter. 

s  Ball.  Geol.  Soc.  America,  vol.  6, 1894,  p.  302. 

>  See  I.  C.  Rassell,  BaU.  U.  S.  Geol.  Survey  No.  52, 1889,  for  a  discussion  of  this  subject.  Bossell regards 
the  Clinton  iron  ores  of  Alabama  as  residues  of  this  kind,  but  his  views  on  that  matter  have  been  contested. 

«  Compt.  Rend. ,  vol .  1 18, 1894,  p.  262. 

•  Am.  Jour.  Sci.,  3d  scr.,  vol .  29,  \885,  p.  29. 

*  Or  29. 173  grams  per  square  meter.  '  .  .-^ 
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hydrous  derivatives,  of  which  several  are  known.  Like  calcium  car- 
bonate, these  species  originate  in  very  different  ways,  and  some  of 
Uio  processes  by  which  they  form  must  be  discussed  in  connection 
with  the  subject  of  serpentine  later.  Only  the  compounds  of  sedi- 
mentary or  organic  origin  fall  within  the  scope  of  tliis  chapter. 

Tlie  double  carbonate,  dolomite,  can  be  produced  artificially  by 
several  methods,  and  its  accidental  formation  has  also  been  observed. 
C.  do  Marignac  ^  obtained  it  by  heating  calcium  carbonate  with  a 
solution  of  magnesium  cliloride  to  200^,  under  a  pressure  of  15  atmos- 
pheres. J.  Durocher '  heated  fragments  of  porous  limestone  with 
dry  magnesium  chloride  to  dull  redness  in  a  closed  gun  barrel,  in 
such  manner  that  the  carbonate  was  impregnated  by  the  vapor  of  the 
chloride.  Under  those  conditions  the  limestone  was  partly  changed 
to  dolomite.  The  local  formation  of  dolomite  by  volcanic  action  is 
explained  by  this  experiment,  but  that  mode  of  occurrence  is  of 
minor  import.  C.  Sainte-Claire  Deville  **  saturated  chalk  "v^-ith  a 
solution  of  magnesium  cliloride  and  heated  the  mass  upon  a  sand 
bath.  A  partial  replacement  of  lime  by  magnesia  was  thus  effected, 
and  similar  results  were  obtained  with  corals.  A.  von  Morlot,*  by 
heating  powdered  calcite  with  magnesium  sulphate  to  200^  in  a  sealed 
tube,  transformed  the  carbonate  into  a  mixture  of  dolomite  and  gjrp- 
sum.  This  reaction  had  been  suggested  by  Haidinger,  in  order  to 
accoimt  for  the  frequent  association  of  the  two  last-named  species. 
The  process,  however,  is  reversible,  and  solutions  of  gypsum  will 
transform  dolomite  mto  calcium  carbonate  and  magnesium  sulphate. 
Efflorescences  of  the  latter  salt  are  not  uncommon  in  gypsum  quar- 
ries, and  IT.  C.  Sorby*  has  observed  them  in  Permian  limestones. 
Because  of  this  reaction,  according  to  Sorby,  the  upper  beds  of  mag- 
nesian  limestone  are  often  more  calcareous  than  the  lower.  Their 
content  in  magnesia  has  been  diminished  in  this  way. 

The  elaborate  experiments  of  T.  Sterry  Hunt®  upon  the  precipi- 
tation of  calcium  and  magnesium  carbonates,  especially  by  alkaline 
carbonates  from  bicarbonate  solutions,  are  too  complex  to  admit  of 
anything  like  a  full  summary  here.  In  most  of  the  experiments 
mixtures  of  cailcium  carbonate  with  the  hydrated  magnesium  com- 
poimd  were  obtained.  When,  however,  the  pasty  mass  formed  by 
precipitating  the  two  carbonates  together  was  heated  to  temperatures 
above  120^,  union  took  place  and  dolomite  was  formed.  From  the 
fact  that  a  sedimentary  dolomite  could  thus  be  produced,  Hunt  con- 
cluded that  dolomite  is  generally  a  chemical  precipitate,  a  view  which 
is  not  widely  hold  to-day. 

>  Cited  in  a  memoir  by  A.  Fa^Te,  Compt.  Rend.,  vol.  28, 1849,  p.  164. 

« Idem,  vol.  33, 1851,  p.  64. 

»  C'ornpl.  Rend.,  vol.47, 1858,  p.  01. 

*  Jahrcsh.  (hemic,  1847-48,  p.  1290.    Also  Compl.  Rend.,  \-ol.  26, 1818,  p.  311. 
6  Rep:.  lirit.  Assoc.  Adv.  Sci.,  1856,  p.  77. 

•  Am.  Jour.  Sci.,  2d  ser.,  vol.  28, 1859,  pp.  170,  365;  vol.  42. 1866,  p.  49. 
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.  Still  inoro  recently  G.  Lifick  ^  has  reported  a  synthesis  of  dolomite 
effected  in  4heloUowiiig:\way<  Solutions  of  magnesium  chloride, 
magnesium  sidphate,  and  ammonium  sesquicarbonate  were  mixed, 
and  to  the  mixture  a  solution  of  calcium  chloride  was  added.  An 
amorphous  precipitate  formed,  which  upon  prolonged  gentle  heating 
in  a  sealed  tube  became  crystalline,  and  had  the  composition  and 
optical  properties  of  dolomite.  Linck  believes  that  the  conditions  of 
this  synthesis  are  fulfilled  in  nature,  and  that  ammonium  salts  derived 
from  organic  decomposition  play  an  important  part  in  the  formation 
of  marine  dolomite.  Following  Linck,  K.  Spangenberg*  succeeded 
in  producing  dolomite  by  heating  vaterite  with  a  solution  of  sodium 
carbonate  and  magnesium  chloride  at  180°-200°  in  an  auto<*lavc 
under  a  pressure  of  50  atmospheres  of  carbon  dioxide. 

In  several  instances  the  deposition  of  magnesium  travertine  and 
even  of  crystallized  dolomite  from  natural  waters  has  been  observed. 
According  to  J.  Girardin,^  the  travertine  formed  by  the  mineral 
spring  of  St.  Allyrc,  near  Clermont,  in  France,  is  rich  in  magnesium 
carbonate.  In  recent  travertine  he  found  28.80  per  cent  of  ^%CO, 
with  24.40  of  CaCOa,  and  in  old  travertine  the  proportions  were  26.86 
and  40.22,  respectively.  Whether  this  represents  dolomite  or  a  mix- 
ture of  the  carbonates  was  not  dctermiued.  A.  Moitessier^  found 
that  in  a  badly  closed  bottle  of  water  from  another  French  spring 
distinct  crjrstals  of  dolomite  had  been  deposited.  In  another  water 
from  a  hot  spring  near  the  Dead  Sea,  which  was  transported  to  Paris 
in  a  sealed  tube,  similar  crystals  were  found  by  A.  Terreil.^  From 
this  observation  Lartet  concludes  that  the  dolomites  of  the  Dead  Sea 
region  were  probably  formed  through  the  impregnation  of  limestones 
by  magnesian  waters. 

On  the  other  hand,  E.  von  Gorup-Besanez°  found  that  springs 
from  the  dolomites  of  the  Jura,  which  contain  and  calcium  mag- 
nesium carbonates  in  the  dolomite  ratio,  deposit  the  mixed  salts 
upon  evaporation  and  not  the  double  compoimd.  Gorup-Besanez 
observed,  however,  that  carbonated  waters,  acting  upon  dolomite, 
dissolve  the  mineral  with  its  ratios  undisturbed.  The  occurrence 
of  dolomite  geodes  in  magnesian  limestones  would  seem  to  show 
that  in  such  cases  at  least  the  double  salt  can  be  re-formed.  Similar 
results  were  eai'lier  obtained  by  T.  Scheerer,'  when  artificial  solutions 
of  calcium  and  magnesium  bicarbonate  were  allowed  to  evaporate 

»  Monatsh.  Deufsch.  ;:tMl.  Ccsdl.,  1909,  p.  230.    W.  Mci.qcn  (Geol.  Rundschau,  vol.  1,  p.  131,  1900), 
repeated  T JncL's  experiment,  but  v.  ithout  success. 
«  Zeitschr.  Kryst.  Min. ,  vol.  52,  p.  529, 1913. 

•  Annales  des  mino3, 3d  ser.,  vol.  1 1 .  1S37,  p.  1»)0. 
« Jahresb.  C  hemie,  1866,  p.  178. 

•  Cited  by  I..  Lartet,  Bull.  Soc.  g6ol.  France,  2d  sen,  vol.  23,  1Wj6,  p.  750. 

•  I-Iebis*8  Annalcn,  Bcil.  Band  «,  1S72,  p.  230. 

1  Xenes  Jahrb..  ISGfi,  p.  1.  Soe  alsD  E.  T.  Ilardraan  (rroc.  Roy.  Irish  Acjtl.,  vol.  2,  pt.  2, 1877,  p.  705) 
for  similar  experimental  evidence  as  t  j  the  sslutijn  of  calcium  carbonate  from  ma^neBian  limestones. 
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spontaneously  at  ordinary  temperatures.  Only  mixtures  were 
formed,  no  dolomite.  Ho  also  found  that  powdered  chalk  precipi- 
tated magnesium  carbonate  from  a  bicarbonate  solution,  although 
carbonated  waters  dissolved  calcium  carbonate  out  of  magnesian 
limestones.  The  last  observation,  however,  had  been  made  by 
other  chemists  previously. 

In  Hunt's  investigations  it  became  evident  that  temperature  is 
an  important  factor  in  the  formation  of  dolomite.  The  same  con-  \' 
elusion  is  to  be  drawn  from  F.  Hoppe-Seyler's  experiments.'  At 
ordinary  temperatures  a  solution  of  mi^esium  chloride  acting 
upon  calcium  carbonate  for  several  months  yielded  no  dolomite. 
Soa  water  mixed  with  an  excess  of  calcium  carbonate  and  saturated 
with  carbon  dioxide,  after  standing  four  months  in  a  closed  flask, 
also  failed  to  form  dolomite.  But  when  magnesium  salts  or  sea 
water  were  heated  with  calcium  carbonate  in  sealed  tubes,  then 
both  dolomite  and  magnesit^  were  formed.  Carbonate  of  lime, 
heated  to  over  100°  with  a  solution  of  magnesium  bicarbonate,  gave 
this  result. 

In  the  earlier  researches  upon  the  conversion  of  limestone  into 
dolomite  little  or  no  attention  seems  to  have  been  paid  to  the 
mineralogical  character  of  the  initial  substance.  In  C.  Element's 
experiments  ^  aragonite,  the  less  stable  form  of  calcimn  carbonate 
and  the  form  which  is  abundant  in  coral  reefs,  was  especially  studied. 
It  was  found  that  a  concentrated  solution  of  magnesium  sulphate 
at  60^  would  partially  transform  aragonite  into  magnesium  car- 
bonate, and  coral  was  altered  in  the  same  way.  Calcite,  by  similar 
treatment,  was  but  slightly  attacked.  Magnesium  sulphate  and 
sodium  chloride  used  together  at  90°  C.  altered  aragonite  strongly, 
forming  a  product  containing  as  high  as  41.5  per  cent  of  li^CO,. 
Normal  dolomite,  ideally  pure,  would  contain  45.7  per  cent.  Mag- 
nesium chloride  proved  to  be  less  active  than  the  sulphate.  The 
products  of  these  reactions  consisted,  however,  not  of  dolomite,  but  of 
the  mixed  carbonates,  and  Klement  suggests  that  mixtures  of  thi^  J 
kind  would  probably  in  time  recrystallize  into  the  double  salt.  He  ■•' 
attributes  the  formation  of  dolomite  to  the  action  of  sea  water  in 
closed  lagoons  upon  aragonite — that  is,  upon  coral  rock.  The  latter, 
as  win  be  shown  presently,  is  often  the  parent  of  dolomite.  It  must 
be  observed,  however,  that  aragonite  is  not  the  only  parent  of  dolo- 
mite, for  pseudomorphs  of  dolomite  after  calcite  are  well  known.' 

iZeitschr.  DeQtsoh.geol.Oese)l., vol.27, 1875,p.509.  In  this  connection  it  may  b«Doted  that  n.CSorhy 
(Quart.  Jour.  Goo).  Soc,  vol.  35,  Proc,  1879,  p.  50)  found  that  Iceland  spar,  in  a  solution  of  magnciiom 
ctatoride,  became  slowly  incrusted  with  magnesinm  carbon&te. 

>DulI.Soc.  Belgeg^ol.,  vol.9,  Mdm.  3, 1805.    Min.pet.  Mitt.,  vol.  14,18M,p.526.    Bee  also  ( 
by  O.  Mahler,  Inaug.  Diss.,  Freibuiig,  1906. 

>  See  Blum's  Pseudomorpboses,  p.  51,  and  Nacbtrag,  p.  23. 
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Two  other  investigations  upon  the  synthesis  of  dolomite  remain 
to  be  mentioned.  L.  Bourgeois  and  H.  Traube  *  obtained  it  by 
heating  a  solution  of  magnesium  chloride,  calcimn  chloride,  an^ 
potassium  cyanate,  KCNO,  to  130°  in  a  sealed  tube.  This  mode  oif 
production  has  no  geological  significance,  except  in  so  far  as  it } 
shows  that  the  necessary  carbonic  acid  may  be  supplied  from  organic'  * 
or  semiorganic  sources.  Such  sources  are  considered  by  F.  W.  ' 
Pfaff,^  who  has  shown  that  the  products  of  organic  decomposition,  . 
as  derived  from  the  coral-building  organisms,  probably  take  part  in 
the  dolomitic  process.  Not  alone  carbonic  acid  is  generated  during 
organic  decay,  but  anmioniimi  carbonate,  ammonium  sulphide,  and 
hydrogen  sulphide  are  also  produced,  and  these  compounds,  accord- 
ing to  Pfaflf,  appear  to  assist  in  the  formation  of  dolomite.  In  his 
second  paper,  however,  PfaflF  •  states  that  when  a  current  of  carbon 
dioxide  is  passed  for  a  long  time  through  a  warm  solution  of  the 
sulphates  and  chlorides  of  magnesimn  and  calcium  the  solution, 
upon  slow  evaporation  at  a  temperature  of  20°  to  25°,  yields  a 
residue  which  contains  a  double  carbonate  insoluble  in  weak  hydro- 
chloric acid.  That  is,  under  these  conditions,  which  might  be 
approximately  paralleled  in  the  concentration  of  sea  water,  dolomite 
may  be  formed.       "  ' 

Under  certain  exceptional  conditions  magnesium  carbonate  may 
be  deposited  alone.  A  solution  of  the  bicarbonate  on  evaporating 
spontaneously  forms  the  hydrous  salt  MgCOj-SHjO,  which  corre- 
sponds to  the  rare  mineral  nesquehonite.  This  species,  described  by 
F.  A.  Genth  and  S.  L.  Penfield,*  from  the  Nesquehoning  anthracite 
mine  in  Pennsylvania,  was  there  produced  by  the  alteration  of  a 
basic  carbonate,  lansfordite,*  3MgC033Ig(OH)2.2lH,0,  which  first 
formed  as  stalactites  in  one  of  the  galleries.  Nesquehonite  has  since 
been  identified  by  C.  FriedeP  as  a  similar  formation  in  a  French 
coal  mine.  Such  stalactiform  minerals  are  obviously  deposited 
from  solution  in  carbonated  waters. 

The  term  ''dolomite"  is  sometimes  loosely  used  by  geologists  as 
equivalent  to  magnesian  limestone.  Any  limestone  containing  nota- 
ble amounts  of  magnesia  may  be  described  by  this  name.  Properly, 
the  word  should  be  restricted   to   the  definite  double  carbonate, 

1  Bull.  Soc.  mln.,  vol.  15, 1892,  p.  13. 

*  Neues  Jahrb.,  Beil.  Band  9, 1894,  p.  485.    A  later  paper  by  Pfafl  is  published  in  vol.  23, 1907,  p.  520. 

s  Centralbl.  Min.,  Geol.  u.  Pal.,  1903,  p.  659.  Plafl  regards  pressureas  an  important  factor  in  the  forma- 
tion of  dolomite.  His  conclusions  are  criticised  in  an  imixntant  paper  by  E.  Philippi  (Neues  Jahrb.', 
Festband,  1907,  p.  397),  who  cites  evidence  to  show  that  certain  dolomitic  nodules  have  been  formed  by 
chemical  precipitation.  F.  Tu6an  (Centralbl.  Mln.,  Geol.  u.  Pal.,  1909,  p.  506)  finds  that  the  Karst  dolo- 
mites of  Croatia  contain  sodium  chlwide  and  calcium  sulphate,  which  suggests  a  marine  origin.  E. 
Steidtmann  (Jour.  Geology,  vol.  19, 1911,  pp.  323, 392)  has  also  studied  the  marine  relationships  of  dolomite. 

« Am.  Jour.  8ci.,3d  ser.,  vol.  39, 1890,  p.  121. 

»  Deecdbed  by  Genth,  Zeitschr.  Kryst .  Min. ,  vol .  14 ,  1888,  p.  255 . 

•  Bull.  Soc.  min. ,  vol.  14, 1891,  p.  60.  See  also  H.  l^eitmeier  (Zeitschr.  Kryst.  Min.,  vol.  47, 1909,  p*.  IIQ 
ODD  the  deposition  of  magnfaa.au  hydrocarbonates  by  the  mineral  springs  of  Rohitsch,  Styria. 

113750**— 1^— Bull.  695 36 
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which  occurs  both  as  a  wcll-cTVAtallized  mmeral  and -as  a  massiv-e 
rock.  Wlien,  after  allowing  for  natural  impuritiesi  the  molecular 
ratio  of  lime  to  magnesia  in  such  a  rock  is  1 : 1,  it  is  legitimately,  at 
least  in  most  cases,  a  dolomite,  but  exceptional  mixtures  are,  of  course, 
possible.  Ordinarily,  a  magnesian  limestone  is  a  mixture  of  dolo- 
mite and  calcito,  witli  such  impurities  as  sedimentary  rocks  and  lime- 
stones in  general  are  likely  to  contain.  In  these  rocks  the  ratio  of 
lime  to  magnesia  is  greater  than  1:1,  but  in  computation  it  must 
be  remembered  that  some  dolomites  contain  iron,  which  replaces 
magnesia  in  equivalent  amoimts.  Ferruginous  dolomite,  or  ankerite, 
is  not  rare.  jSAI  the  iron  of  a  carbonate  rock,  however,  is  not  neces- 
sarily a  part  of  the  carbonate.  It  may  be  present  as  hydroxide  or 
in  claylike  impurities,  and  these  possibilities  must  be  taken  into 
account  in  any  interpretation  of  the  dolomites.  In  some  cases  free 
magnesian  carbonates  must  also  be  considered,  and  in  certain  alter- 
ation products,  brucite,  MgO,H„  may  also  occur.  Commonly  tiie 
dolomites  are  fairly  simple  in  composition,  and  difficulties  in  inter- 
preting the  analyses  rarely  arise. 

In  the  study  of  natural  dolomites  as  well  as  in  the  synthetic  ex- 
periments which  have  just  been  described,  it  is  often  necessary  to 
discriminate  between  the  separate  carbonates  and  the  true  double 
salt.  In  most  cases  this  is  easily  done  by  taking  advantage  of  differ- 
ences in  solubility.  Calcite  and  aragonite  dissolve  easily  in  weak 
acetic  or  hydrochloric  acid;  dolomite  and  magnesite,  at  ordinary 
temperatures,  are  attacked  slowly.^  These  magnesian  carbonates 
are  not  absolutely  insoluble  in  dilute  acids,  but  they  are  sufficiently 
resistant  to  admit  of  a  rough  separation  from  calcite,  and  their  subse- 
quent identification.  From  a  mixture  of  dolomite  and  calcite,  cold 
dilute  acetic  acid  will  dissolve  the  latter  mineral,  leaving  nearly  all 
of  the  dolomite  unattacked.  From  mixtures  of  calcite  and  magne- 
site, on  the  other  hand,  all  of  the  lime  will  be  thus  removed.  Some 
magnesia  also  may  pass  into  solution,  for  as  Vesterbeig  has  shown, 
there  are  magnesian  carbonates,  probably  basic  or  hydrous,  which 
dissolve  with  ease.  Magnesite  is  even  more  refractory  tol^ard  sol- 
vents than  dolomite. 

Furthermore,  discrimination  between  calcite  and  dolomite  can  be 
effected  by  microchemical  tests.  Among  the  best  of  these  is  that 
described  by  J.  Lemberg,*  whose  reagent  consists  of  a  solution  of 
aluminum  chloride  and  hsematoxylin  (extract  of  logwood).       This 

1  upon  these  differences  in  solubility  there  is  an  abundant  literature,  which  has  been  well  summarijEed 
by  A.  Vcstcrberg,  Bull.  Gcol.  Inst.  Upsala,  vol.  5, 1901,  p.  97;  vol.  0, 19(W,  p.  254.  See  also  Uieayntlietic 
papers  already  cited,  and  Hausboler,  Sitzungsb.  K.  Akad.  Wiss.  HQnchcn,  vcl.  11, 1881,  p.  210. 

« Zeitschr.  Doutsch.  gcrjl.  Gesell.,  vol.  40, 18S8,  p.  357.  In  vol.  89, 1887,  p.  489,  Lemlicrg  describes  tests 
based  upon  the  use  of  f  crricchloride  and  ammonium  sulphide.  In  a  still  earlier  paper  (op.  cit.,  vol.  ^,  1872, 
p.  220)  Lombcrg  gi  vcs  tests  with  silver  nitrate,  which  stains  calcite  and  dolomite,  after  ignition,  uiill^iially, 
See  also  Otto  Meyer,  Zeitschr.  Detitsch.  geol.  Gesell.,  vol.  31, 1879,  p.  445,  and  E.  Steidtattn,  BuU.  Geol. 
Soc.  -Vmcrica,  vol.  28, 1917,  p.  431. 
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reagent  deposits  a  violet  coating  upon  calcite  surfaces,  but  leaves 
dolomite  uncolored.  According  to  F.  Cornu/  the  two  minerals  are 
easily  distinguished  by  covering  the  powdered  material  with  water 
and  adding  a  few  drops  of  phenolphthalein  solution.  Calcite  giv^ 
a  strong  coloration;  dolomite  is  affected  but  slightly.  E.  Hinden ' 
states  that  limestone  is  colored  red-brown  by  ferric  chloride  solution, 
and  blue  by  copper  sulphate,  dolomite  remaining  unchanged,    s  ^  ^' 

So  far  as  the  experimental  evidence  goes,  dolomite  can  be  formed 
in  several  ways.  In  specific  cases,  however,  field  evidence  must  be 
brought  to  bear.  First,  dolomite  may  exist  as  a  true  chemical  sedi- 
ment, although  occurrences  of  this  kind  are  probably  rare.  G.  Leube  * 
described  a  ''fresh-water  dolomite''  near  Ulm,  in  Bavaria;  and  C. 
W.  Giimbel,*  studying  the  dolomites  of  the  same  r^on,  which  are 
interbedded  with  limestones,  likewise  asserts  their  sedimentary  ori- 
gin. T.  Scheerer'  also  argues  that  the  oldest  dolomites  were  formed 
as  chemical  precipitates;  and  T.  Sterry  Hunt's  •  positive  views  on 
this  subject  are  well  known.  Hunt's  experiments  help  us  to  imderr- 
stand  how  sediments  of  dolomite  may  perhaps  be  formed;  and  it  id. 
also  possible  that  algse  may  precipitate  mixed  carbonates  just  as  they^ 
do  calcareous  marl.  Precipitation  by  animonium  carbonate  as  a  ) 
product  of  organic  decomposition  has  already  been  mentioned,  and 
so  has  the  similar  activity  of  bacteria  as  shown  by  Drew.  Further- 
more, the  fact  that  finely  divided  calcium  carbonate  will  precipitate 
magnesium  carbonate  from  its  solution  in  sea  water  was  established 
by  the  experiments  of  Scheerer  and  Hoppe-Seyler,  already  cited; 
and  the  formation  of  that  precipitant  may  precede  the  deposition  of 
the  magnesian  compound.  In  all  these  processes,  however,  mixed 
carbonates,  not  true  dolomite,  are  first  formed.  Their  union  into 
dolomite,  which  Klement  effected  rapidly  at  moderately  high^tem- 
peratures,  may  well  take  place  slowly  in  the  cold  if  given  sufficient 
time.  Prolonged  contact  of  the  moist  particles  under  even  moderate 
pressures  might  permit  a  degree  of  molecular  mobility  which  would 
bring  about  gradual  combination. 

Magnesian  carbonates  are,  however,  deposited  with  calcium  carbon- 
ate by  marine  organisms,  albeit  in  small  relative  amounts.  G.  Forch- 
hammer''  made  many  analyses  of  shells  and  corals,  finding  mag- 
nesium carbonate  in  them  in  percentages  ranging  from  0.15  to  7.64, 
1  per  cent  being  rather  above  fche  average.     This  result  has  been  con- 

»CentralbI.  Min.,  Gcol.  u.  Pal.,  1906,  p.  550. 

s  Verhandl.  Naturforsch.  Ooseil.  HascI,  vol.  15,  1903,  p.  201.    O.  Mabler  (Inaug.  Diss.,  Frdbuig,  1006) 
finds  the  ferric  chloride  unsatisfactory  but  obtained  good  results  with  the  copper  salt.    On  the  copper  tMi 
fee  also  K.  Spangenbcrg,  Zeitschr.  Kryst.  Min.,  vol.  52,  p.  529, 1913. 
.  *  Neues  Jahrb.,  1&40,  p.  371. 

,<aitfungsb.  K.  Akad.  Wiss.  Munchcn,  1S71,  Heft  1,  p.  r>. 

*  N§ues  Jahrb.,  1866,  p.  1. 

•  Sec  Chemical  and  geological  assay.s,  p.  80,  and  the  literature  already  riled. 

'  Neues  Jahrb.,  1852,  p.  h.'>|.    The  highest  figure  in  Fnrchhammcr's  scries  was  (nr  an  annelid,  Serpul^  ^ 
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firmed  by  many  other  inyestigators.  In  LUhotkamnium  nodosum 
Gambel  *  found  2.66  percent  of  MgO  and  47.14  of  CaO;  and  A.  G. 
Hogbom '  in  fourteen  analyses  of  alg»  belonging  to  this  class 
reports  from  1.95  to  13.19  per  cent  of  MgOO,. 

In  1906  H.  W.  Nichols  '  published  an  analysis  of  the  skeleton  of  a 
recent  crinoid,  and  found  in  it  about  11  per  cent  of  magnesium  car- 
bonate. Several  years  later  C.  Palmer,  in  the  laboratory  of  the 
U.  S.  Geological  Survey,  analyzed  two  more  crinoids,  and  obtained 
similar  results.  In  1914  the  subject  was  taken  up  more  extensively 
by  F.  W.  Clarke  and  W.  C.  Wheeler/  and  24  analyses  were  made, 
representing  21  genera  of  crinoids  and  a  wide  range  of  habitat.  In  all 
of  them  magnesium  carbonate  was  found,  in  proportions  ranging 
from  7.28  to  12.69  per  cent,  the  amount  varying  with  the  temperature 
of  tlie  water  in  which  the  creatures  lived.  In  cold-water  forms  the 
figure  for  magnesia  was  low,  while  in  tropical  forms  the  figure  was 
high ;  a  sharply  defined  relation  for  which  an  explanation  is  yet  to  be 
found.  This  research  was  followed  up  by  a  series  of  analyses  of  the 
inorganic  parts  of  sea  urchins,  starfishes,  and  brittle  stars,  with  results 
strictly  comparable  with  and  paraUel  to  those  found  for  the  crinoids.' 
Similar  quantities  of  magnesia  w^ere  foimd,  and  the  same  temperature 
regularity  was  observed.  In  short  it  seems  to  be  established  that  the 
inorganic  constituents  of  any  echinoderm  will  have  the  composition 
of  a  moderately  magnesian  limestone,  and  the  largest  proportion  of 
magnesia  will  be  found  in  organisms  from  relatively  warm  waters.* 
It  is  not  to  be  assmned,  however,  that  magnesian  sediments  follow 
the  same  rule.  A  dense  population  of  forms  low  in  magnesia  would 
deposit  a  larger  amount  of  it  than  a  sparse  population  of  richer 
organisms.  Clarke  and  Wheeler  also  report  analyses  of  10  fossil 
crinoids,  ranging  from  the  Ordovician  up  to  the  Eocene,  but  .with 
inconclusive  results.  Alterations  due  to  leaching  and  to  infiltration 
of  foreign  substances  such  as  silica  and  the  carbonates  of  iron  and 
manganese  effectually  obliterated  all  the  regularities  shown  by  the 
recent  living  forms. 

»  Abhandl.  K.  Akad.  M'Ifs.  Miinchcn,  vol.  11,  1^71,  p.  26. 

>  Ncues  Jahrb.,  1894,  BaRd  1,  p.  202.  The  analyses  were  made  hy  a  number  of  (diemists  for  H<^ 
bom,  who  gives  data  for  several  shells  and  corals  also.  For  more  recent  analyses  ol  calcareous  algs«  Me 
Prof.  Paper  U.  S.  Oeol.  Survey  No.  102, 1917.  R.  C.  Wallace  (Jour.  Geology,  vol.  21,  p.  416, 1913)  hasooo- 
ddered  the  relation  of  calcareous  algie  to  the  production  of  dolomi  t^". 

»  Field  Columbian  Museum,  Pub.  Ill,  p.  31, 1906.  See  also  A.  H,  Clark,  Proc.  U.  S.  Nat.  Mus.,  vol.  39, 
p.  487, 1911. 

•  Prof.  Paper  V.  S.  Geol.  Survey  No.  90-D,  1914. 
»  Prof.  Paper  U.  S.  (ieol.  Survey  No.  90-L,  1915. 

•  A  few  other  analyses  of  echinoderms,  namely,  sea  urchins  and  starfishes,  are  on  record.  See  L. 
Schmelck,  Norske  Nordhavs-Expcdition,  No.  XXVIII,  p.  129, 1901;  and  O.  BtltschU,  Abhamll.  K.  QeseO: 
Wiss.  Gottingen,  new  ser.,  vol.  6,  No.  3,  pp.  81-83, 1904.  In  a  holothurian,  Stichoputregalitf  8.37  per  centoi 
magnesium  carbonate  was  found.  Another  holothurian  analyzed  by  A.  HiH^  (Arch,  gesammte  Plqrskh 
logic,  vol.  10,  p.  214, 1875)  oonlained  12.10  per  cent  .calculated  on  the  caldned  ash  of  the  creature.  I/oeftB- 
ties  and  temperatures  were  not  given  with  these  analyses.  ^^^  '' 
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As  the  results  obtamed  from  the  analyses  of  the  echinodenns  were 
both  novel  and  interesting,  Clarke  and  Wheeler  continued  the  investi- 
gation so  as  to  cover  almost  the  entire  range  of  marine  invertebrates, 
and  including  the  calcareous  algae.^  Some  of  the  data  have  already 
been  cited  in  the  section  on  phosphate  rock  in  the  preceding  chapter 
of  this  volume.  The  general  results  as  to  magnesium  carbonate^ 
calculated  as  percentages  of  the  inorganic  matter  alone,  may  be 
summarized  as  follows : 

Feroent. 

Foraminifera 3. 67-11. 22 

Calcareous  eponges 5. 37-  8. 00  ^ 

Madreporian  corals 09-    .  77 

Alcyonarians 6. 03-15. 73 

llydroids 22-  1. 28 

Annelids 00-  9.72 

Echinodenns 5.  99-14. 08 

Brachiopods 49-  8. 63 

Bryozoans 63-11. 08 

Mollusks , 00-  2. 58 

Barnacles 79-  2.49 

Other  cnifltaceans 4.  84-15.  99 

Two  exceptions  to  this  list  must  be  noted.     One  moUusk,   the 
cephalopod  ArgoTiauta,  contains  in  its  shell  6.02  per  cent  of  MgCO,; 
and  one  alcyonarian,  the  anomalous  blue  coral  Ileliopora,  is  prac-» 
tically  nonmagnesian.     As  for  the  algse,  Hdlimeda  is  nonmagnesian; 
while  in  the  series  of  analyses  represented  by  Lithothamnium,  LitTiih 
phyUum,  etc.,  the  proportion  of  magnesium  carbonate  ranges  from 
10.93  to  25.17  per  cent.     With  the  alcyonarians  the  same  relation  of 
temperature  to  the  proportion  of  magnesium  carbonate  as  was  found 
among  the  echinodenns  was  clearly  shown;  in  some  other  series  of 
analyses  it  was  suggested  but  not  definitely  proved  to  exist.     It  was  7 
also  found  that  the  organisms  having  their  calcium  carbonate  in  the/ 
form  of  aragonite  were  practically  free  from  magnesia,  the  high  pro-^ 
portions  being  foimd  only  in  calcitic  shells  or  skeletons.     This  rela-  \ 
tion  had  previously  been  noted  by  ButschU.     As  magnesium  carbon- 
ate is  isomorphous  with  calcite,  it  seems  to  follow  its  natural  partner. 
The  application  of  all  this  evidence  to  the  study  of  coral  reefs  will  be 
considered  a  little  later. 

From  these  data  it  is  clear  that  limestones  formed  by  marine 
organisms  must  contain  magnesia,  and  evidence  shows  that  as  a  ruld 
they  contain  rather  more  of  it  proportionally  than  the  remains  from 
which  they  are  made.  The  analyses  of  oceanic  oozes  collected  by  the 
Challenger  expedition,  as  discussed  by  Hogbom,^  show  this  fact  very 
well,  and  also  illustrate  the  tendency  of  the  magnesium  carbonate 

>  Prof.  Paper  U.  S.  Oeol.  Survey  No.  102, 1917.    In  this  paper  230  original  analyses  are  given,  and  alsoA ' 
goodly  namber  from  other  authorities. 
«  Op.  cit.,  p.  267. 
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to  accumulate,  while  the  more  soluble  calcium  carbonate  is  dissolved 
away.     That  is,  by  the  leaching  of  these  deposits  they  become  rela«  ,  r 
tivoly  enriched  in  magnesia,  until  in  the  extreme  cases  something 
very  near  the  true  dolomite  ratio  is  attained.    In  short,  a  dolomite 
may  be  produced  by  concentration  from  a  magncsian  limestone,  and 
Neither  sea  water  or  percolating  waters  of  atmospheric  origin  may 
operate  in  this  way.     Grandjean  ^  was  probably  the  first  to  interpret 
certain  dolomites  as  having  been  formed  by  this  process,  a  view  which 
various  other  writers  have  adopted  and  which  is  well  developed  in 
Hogbom's  memoir.     Hogbom,  in  addition  to  the  facts  already  cited, 
brinfjfs  otlicr  important  evidence  to  bear  upon  the  problem.     He 
shows  that  stalactites  from  caverns  in  the  coral  rocks  of  Bermuda 
contain  only  0.18  to  0.68  per  cent  of  magnesium  carbonate,  while  the 
rocks  themselves  carry  about  five  times  as  much.^     Here  the  lime 
salt  has  dissolved  much  more  freely  than  the  magnesium  compoimd. 
Hogbom  also  studied  the  marine  marls  of  Sweden,  and  found  that 
the  transported  material  contained  progressively  larger  proportions 
of  magnesium  carbonate  as  its  distance  from  the  parent  limestone  / 
increased.     Near  its  point  of  origin  the  marl  carried  3.7  parts  o{\j 
MgCO,  to  100  of  CaCOj;  and  from  these  figures  the  ratio  was  gradually    r" 
raised  to  36  MgCOj  and  100  CaCOg.     In  these  finely  divided  sedi-  / 
mentti  the  leaching  out  of  calcium  carbonate  by  atmospheric  and  1 
glacial  waters  is  natiu'ally  rapid,  and  the  concentration  of  the  dolo-  \ 
mitic  portion  is  effected  with  great  ease.     This  mode  of  concentra-     ) 
tion,  then,  must  be  recognized  as  real,  and  as  accounting  in  part  at     j 
least  for  the  formation  of  dolomite:^  but  it  is  not  the  whole  storv.     It    / 
accounts  for  some  occurrences  but  not  all. 

Coral  rock,  it  wiU  be  remembered,  consists  chiefly  of  calcium  car- 
bonate, which  in  the  living  forms  is  mineralogically  aragonite;  but 
in  1843  J.  D.  Dana,*  in  a  rock  from  the  coral  island  of  Makatea,  in 
the  Pacific,  reported  magnesiiun  carbonate  to  the  extent  of  38.07 
per  cent.  This  appn)ached  the  dolomite  ratio,  which  requires  45.7 
per  cent,  and  the  thought  was  at  once  suggested  that  the  rock  had 
been  dolomitized  by  the  introduction  of  magnesia  from  sea  water,  the 
latter  having  possibly  been  first  concentrated  by  evaporation  in  a 
shallow  lagoon. 

Since  Dana^s  observation  was  made,  many  other  investigators 
have  recorded  similar  enrichments  of  coral  reefs,  and  the  synthetic 
experiments  of  various  chemists,  as  cited  in  the  preceding  pages,  have 

»  Xc'ucs  JiOirl).,  ?S44,  p.  iVia.  ** 

'It  is  well  known  that  stalactites  from  t-averns  in  dolomitic  limcstonrs  (t>iisist  osrsentially  of  cmkium 
carbouutc,  ^ith  little  or  no  ma^csia. 

*  For  an  elaborate  discussion  of  this  side  of  the  dolomite  problem  sco  (.! .  BIschof,  I^hrbuch  der  chemlscfaen 
imd  physikalischen  C.cologic,  2d  ed.,  pp.  52-91.  The  older  data  are  well  summarized.  See  also  C.  ]^,  Halt 
and  F.  W.  Sardeson,  Bull.  Oool.  Soc.  America,  vol.  C,  1S94,  p.  189.  O  * 

«  See  Dana's  Coral  and  coral  islands,  3d  ed.,  p.  393.  Analyses  by  ];.  SUliman,  jr.  The  island  is  colled 
Hetla  by  Dana. 
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shown  that  the  indicated  reaction  can  actually  take  place.  ~  Element's 
experiments,  especially,  have  helped  to  make  this  point  clear.  In 
the  coral  reef  of  Porta  do  Mangue,  Brazil,  J.  C.  Branner  ^  reports 
6.95  per  cent  of  magnesia,  equivalent  to  14.5  of  carbonate,  while  the 
corals  themselves  contained  only  0.20  to  0.99  per  cent  of  MgO.  In 
the  islands  of  the  Pacific  Ocean  a  large  number  of  similar  cases  have 
been  observed,  the  analyses  by  E.  W.  Skeats  '  reaching  a  maximum 
of  43.3  per  cent  of  MgCO,.  From  instances  of  this  kind,  and  from 
the  resemblance  of  many  dolomites  to  reef  rocks,  it  has  been  com- 
monly inferred  that  dolomitization  is  generally,  or  at  least  often, 
effected  in  this  way,  lime  being  gradually  removed  and  replaced  by 
magnesia  from  the  sea.*  In 'other  publications  Skeats*  has  ad- 
vanced additional  arguments  in  favor  of  the  replacement jtheory, 
and  has  shown  that  the  leaching  of  the  remains  of  marine  organisms 
is  not  by  itself  adequate  to  account  for  the  formation  of  marine 
dolomite. 

The  most  striking  illustration  of  the  change  from  limestone  to 
dolomite  is  furnished  by  the  borings  on  the  atoU  of  Funafuti,  as  dis- 
cussed by  J.  W.  Judd.*  The  principal  boring  was  driven  to  a  depth 
of  over  1 ,100  feet  through  coral  and  coral  rock  all  the  way,  and  samples 
of  the  corea  were  analyzed  for  practically  every  10  feet  of  the  dis- 
tance. From  the  table  of  data  presented  by  Judd,  the  following 
iSgures  are  selected: 

Magnc^uvi  carbonate  in  borings  on  atoll  of  Funafuti. 


Depth,  feet. 

reroentage 
KgCOs. 

Depth,  feet. 

Percentage 
M«COi. 

4 

4.23 

295 

3.6 

13 

7.62 

400 

3.1 

15 

16.4 

500 

2.7 

20 

11.99 

598 

1.06 

26 

16.0 

640 

26.33 

55 

5.85 

698 

40.04 

110 

2.11 

795 

38.92 

159 

.79 

898 

39.99 

200 

2.7 

1,000 

40.56 

250 

4.9 

i          1, 114 

1 

41.05 

These  figures  are  very  remarkable.     They  show,  first,  an  enrich- 
ment in  magnesium  carbonate  near  the  surface,  then  an  irregular 

—  —  ■■     ■  ■        ^  ■  ■i        ■—  ■  —  I       —       !■  ■  I  ■■l^■■ ■■  ■i.»i.w       ■■  ■■  1^^^— i^^^— ^M^^— i»M— ^— — ^^ 

1  Bull.  Mils.  Comp.  Zool.,  vol.  44,  lOW,  p.  »M.  Analysis  of  rock  by  R.  E.  Swain,  of  the  corals  by  L.  R. 
Lenox. 

*  Idem,  vol.  42, 19Q3,  pp.  53-126.    See  also  R.  L.  Sherlock,  idem,  vol.  38, 1903,  p.  349. 

*  See  U.  llarknciis,  Quart.  Jour.  Geol.  Soc.,  vol.  15, 1859,  p.  103,  on  dolomite  near  CotIl,  Ireland.  Alw 
€.  Doclter  and  R.  Iloemcs,  lahrb.  K.-k.  geol.  Reldisanstalt,  vol.  25,  p.  203.  These  anthors  give  a  blbllog' 
nc^y  of  dolomitization  down  to  1S75,  the  date  of  thdr  memoir. 

lQH2£W2H>'*toL?oc.j.YaLiilj906,  p.  sai:  and  Am.  Jour.  Sci.,  4th  ser.,  vol.  46, 1918,  p.  186. 
'heatoil  of  Funafuti ,  published  by  the  Rojral  Society,  London,  1904.    For  Judd's  report  on  the  «^H^>"fl^^ 
examination,  see  pp.  3C2-389. 
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rising  and  falling  in  much  smaller  amounts,  while  below  700  feet  the 
approach  to  a  dolomite  ratio  is  apparent.  The  surface  enrichment 
Judd  attributes  to  a  possible  leaching  out  of  lime  salts,  and  the 
uregularities  may  be  due  in  part  to  differences  in  the  proportions  of 
the  various  reef-forming  organisms.  Some  of  these  are  more  soluble 
than  others,  as  we  have  already  seen. 

According  to  A.  E.  Finckh,^  the  order  of  abundance  of  the  oi^anisms 
contributing  to  the  Funafuti  limestone  is  (1)  LUhothamnion,*  (2)  HaH- 
meda,  (3)  Foraminifera,  and  (4)  the  corals,  including  Ileliopora  and 
other  alcyonarians  and  the  millepores.  To  call  the  Funafuti  rock  a 
coralline  limestone  is  therefore  somewhat  misleading.  Here  at  least 
the  corals  play  a  very  subordinate  part.' 

For  the  intensive  study  of  coral  reefs  the  analyses  by  Clarke  and 
Wheeler,  together  with  those  made  by  others,  are  of  great  significance. 
The  limestone  immediately  below  the  zone  of  living  forms  owes  a 
great  part  of  its  composition  to  all  the  organisms  that  flourished  on 
the  reef.  Algae,  corals,  alcyonarians,  Foraminifera,  and  other  forms 
of  loss  importance  contribute  their  remains  to  the  building  of  the 
limestone,  which  may  vary  in  comi>osition  as  the  life  upon  it  varies. 
Corals  may  predominate  in  one  place,  algae  in  another.  Precipitated 
carbonates,  whether  of  bacterial  origin  or  not,  must  also  be  taken  into 
account,  and  their  quantity  may  be  large.  At  first  the  calcitio  algae, 
Foraminifera,  alcyonarians,  echinoderms,  and  perhaps  crustaceans 
fumishr  ar  direct  supply  of  magnesium  carbonate;  but  the  aragonitic 
algae,  mollusks,  corals,  millepores,  etc.,  by  virtue  of  their  easier  alter- 
ability  and  consequent  enrichment  from  sea  water,  may  be  equally 
significant.  All  classes  of  marine  organisms  contribute  more  or  less 
to  the  formation  of  dolomite. 

In  this  connection  the  report  on  Funafuti  is  remarkably  suggestive. 
The  rock  throughout  contained  organic  remains  and  was  studied  both 
microscopicaUy  and  chemically.  At  a  depth  of  4  feet  from  the  sur- 
face it  contained  4.23  per  cent  of  magnesium  carbonate  and  at  15  feet 
16.4  per  cent.  To  this  point  a  concentration  by  leaching  is  strongly 
indicated,  even  if  not  absolutely  proved;  and  it  is  probable  that  the 
relatively  soluble  aragonitic  structures  had  been,  in  part  at  least,  dis- 
solved away.  The  fact  that  many  sections  of  the  core  were  "cav- 
ernous ' '  in  structure  is  evidence  that  solution  had  occurred.  Further- 
more, the  solution  must  have  been  aided  by  the  carbonic  acid  gen- 
erated during  the  decomposition  of  the  organic  matter  of  the 
organisms,  and  through  its  agency  calcite  would  be  dissolved  also. 

At  26  feet  the  rock  contained  16  per  cent  of  magnesium  carbonate, 
but  the  proportion  rapidly  decreased,  with  slight  variations,  until  at 

^ _  ■  « 

»  The  atall  of  Funafuti,  pp.  12&-150.  '^    ' 

'  A  goncnU  term,  which  includes  not  only  LUhothamnium  bnt  also  other  related  algse. 
*  At  Tutuila,  Samoa,  acoording  to  L.  R.  Casy  (Proc.  Nat.  Acad.  Sci.,  vol.  3, 1917,  p.  &45),  alcyonaifaais 
are  more  important  as  reef  Imilders  than  the  stony  corals. 
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a  depth  of  637  feet  crystals  of  dolomite  began  to  appear.  At  640  feet 
the  magnesium  carbonate  suddenly  rose  to  26.33  per  cent,  and  from 
that  point  it  steadily  increased  until  at  the  bottom  of  the  boring, 
1,114  feet,  it  was  41.05  per  cent,  which  is  very  near  the  figure  required 
for  pure  dolomite.  In  short,  within  3  feet  the  rock  changed  from 
almost  nonmagnesian  limestone  to  one  that  was  strongly  dolomitic^ 
and  in  50  feet  more  it  became  really  dolomite.  This  abrupt  change  is 
most  easily  explained  upon  the  hypothesis  that  the  dolomite  at  the 
bottom  of  the  Funafuti  boring  represents  an  old  reef  which  was  sub- 
merged by  one  of  those  fluctuations  in  the  level  of  the  ocean  which 
are  known  to  occur  elsewhere.  After  a  long  rest  it  was  again  elevated 
to  the  surface,  and  then  a  new  period  of  reef  building  began.  The 
new  reef  is  superimposed  upon  the  old  one.  The  assumption  as  to 
changes  of  level  here  is  supported  by  the  fact  that  on  other  islands 
in  the  South  Pacific  dolomitizcd  reefs  are  found  at  himdreds  of  feet 
above  sea  level.^ 

Although  the  chemical  composition  of  the  Fimafuti  limestone  has 
been  more  thoroughly  studied  than  that  of  the  limestone  at  any  other 
locality,  the  general  process  is  not  necessarily  the  same  elsewhere. 
Its  details  may  be  duplicated,  but  their  order  is  often  different. 
Something  of  this  sort  is  shown  by  the  following  analyses  by  George 
Steiger^  of  borings  from  an  artesian  well  at  Key  West,  Florida. 


Lime  and  magnesia  in  borings  at  Key  West. 


Depth,  feet. 

Percentage 
CaO. 

Percentage 
MgO. 

Depth,  feet. 

• 

Percentage 
CaO. 

Percentage 
MgO. 

25 
100 
150 
350 
600 
775 
1,125 

54.03 
54.01 
54.38 
51.46 
48.87 
46.53 
53.84 

0.29 

.77 

.86 

1.67 

2.50 

6.70 

.86 

1,325 
1.400 
1, 475 
1.625 
1.850 
2,000 

54.49 
55.12 
54.48 
53.90 
54.28 
54.02 

0.62 
.30 
.73 
1.14 
1.12 
1.06 

Here  there  is  a  progressive  magncsian  enrichment  down  to  775 
feet,  and  then  a  falling  off,  but  no  such  thorough  alteration  appears 
as  at  Fimafuti.  What  different  conditions  may  have  existed  to 
account  for  these  differences  of  composition  is  not  known. 

It  is  of  course  evident  that  dolomitization  by  replacement  need  / 
not  bo  limited  to  the  acticm  of  sea  water  upon  coral  reefs,  ^agnesian  ^ 
spring  waters  may  be  equally  effective,  and  are  so  locally,  as  observed 

■  ■  ■      II       ^^^^M    ^     ■!    ■  -  -        — -     ■ ■ 

1  See  E.  W.  Skcats,  Papers  from  the  Tortugas  laboratory  of  the  Carnegie  Institution  of  Washington, 
vol.  5, 19H,  p.  (j^,  and  R.  L.  Sherlock,  Dull.  Mus.  Comp.  Zool.,  vol.  38, 1903,  p.  349. 

s  Analyses  made  in  the  laboratory  of  the  United  States  Oeological  Survey.  Published  in  full  in  Bull. 
No.  228, 1904,  p.  309.    Boring  described  by  E.  O.  Hovey,  Bull.  Mus.  Comp.  Zool.,  vol.  28, 1896,  p.  <t3. . 
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by  J.  E.  Spurr^  in  the  rocks  about  Aspen,  ColiNrado.  In  that  region 
hot  springs  containing  magnesium  are  manifestly  operative  in  trans- 
forming limestone  to  dolomite.  But  large  areas  of  dolomite  »Te  not 
likely  to  originate  in  that  way.  Where,  however,  limestones  are 
situated  near  magnesian  eruptive  rocks,  dolomitization  due  to  this 
cause  is  to  be  anticipated. 

From  what  has  been  said  already,  the  chief  chemical  processes 
involved  in  the  formation  of  marine  dolomite  may  be  summarized  as 
follows:  First,  the  mixed  carbonates  may  be  directly  pre<*ipitated  in 
shallow  waters,  either  by  changes  of  temj>erature  and  concentration 
of  atmospheric  OOj,  or  by  ammonium  carbonate  produced  during  the 
decomposition  of  the  remains  of  marine  organisms.  In  the  latter 
process,  however,  carbon  dioxide  is  also  formed,  which  tends  more  or 
less  to  retain  the  carbonates  in  solution.  Here,  then,  are  two  oppos- 
ing processes,  and  the  extent  of  precipitation  is  therefore  variably 
limited.  Second,  the  carbonates  contained  in  the  shells  or  skeletons . 
of  marine  invertebrates  are  decomposed.  Third,  magnesium  car- 
bonate is  concentrated  by  the  leaching  away  of  the  more  easily 
dissolved  calcium  salt.  Fourth,  the  so-called  coralline  rock  is  en- 
riched at  the  expense  of  the  magnesium  salts  contained  in  sea  water. 
All  four  processes  may  be  in  operation  simultaneously,  one  or  imother 
predominating  according  to  conditions  which  are  not  Ukely  to  be  ^ 
quite  the  same  at  any  two  localities.  The  fourth  process,  however,  is 
generally  the  most  important,  and  it  precedes  the  union  of  the  car- 
bonates into  true  dolomite. 

The  leaching  process,  which  commonly  follows  the  line  that  has 
already  been  emphasized,  may,  however,  sometimes  be  reversed. 
The  comparatively  soluble  trihydrate  of  magnesium  carbonate, 
MgCOg-SHjO,  which  is  represented  in  nature  by  the  rare  mineral 
nesquehonite,  is  known  to  occur  in  the  form  of  stalactites  in  certain 
coal  mines,  where  it  was  probably  produced  by  the  percolation  of 
ground  waters  rich  in  magnesia  and  in  carbon  dioxide.*  This  reac- 
tion may  accoimt  for  the  fact  that  in  many  localities  fossiliferous 
beds  overlie  beds  of  limestone  which  are  richer  in  magnesium  car- 
bonate, an  enrichment  having  taken  place  analogous  to  that  which  is 
so  fully  recognized  in  modem  studies  of  ore  deposits.  This  process 
has  been  given  emphasis  by  G6n6ral  E,  Jourdy,'  who  regards  it  as  an 
important  step  in  the  development  of  dolomite.     The  magnesium 

I^Mori^l'  S  fir^l  fiiirnnif  vnl  ^1,  iBBfii  p  ffTi Splint  p.  216)  alao  reports  an  interesting  sUidficatiMl  of 

limestones,  whieh  is  visible  in  all  its  stages.  The  final  product  is  made  up  of  quartz  grains.  The  mag- 
nesian enrichment  of  slates  at  the  expense  of  sea  water  has  been  described  by  J.  A.  Phillips,  Quart.  Jonr. 
Oeol.  Soc.,  vol.  31, 1875,  p.  321.  A  recent  paper  by  U.  Nahnsenon  theSormatioiiofooUtoaiiddolaiiiitels 
in  Xeues  Johrb. ,  Bell .  Band  35, 1913,  p.  277.  A  study  of  the  mixed  carbonates  of  lime,  magnesia,  and  iron, 
by  K .  r.ransberg,  isin  Zeitschr.  anorg.  Chemic,  vol.  80, 1913,  p.  337.  For  an  attempt  to  i^ply  the  principles 
Of  physical  chemistry  to  dolomitization,  see  R.  C.  Wallace,  Compt.  rend.  XII  Cong.  gtol.  intcn^t.^  1913, 
p.  875. 

s  H.  Leitmcier  has  also  identiHed  nesquehonite  as  a  deposit  from  the  water  of  a  minerjd  spring.  Set 
Docltcr's  Handbuch  dcr  Minoralchemie,  vol.  1, 1912,  p.  262. 

*  Bull  Soc.  0&}\.  France,  4th  ser^  vol.  14, 1914.  p.  279;  vol.  10, 1910,  p.  3. 
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carbonate  thus  transferred  from  the  upper  to  the  lower  strata  he  . 
beUeves  is  derived  from  the  remains  of  marine  algae  and  other  organ- 
isms.   Whether  complete  dolomitization  can  be  effected  in   this, 
manner  is,  however,  doubtful. 

Taking  all  the  evidence  into  account  it  seems  clear  that  magnesian 
limestones  may  be  produced  in  more  than  one  way,  and  the  authori- 
ties upon  the  subject  do  not  always  agree  as  to  the  relative  impor- 
tance of  the  different  processes.  "  R.  A.  Daly,^  for  example,  attaches 
great  importance  to  the  formation  of  dolomite  as  a  precipitate, 
especially  in  pre-Devonian  time.  These  older  limestones  are  much 
more  highly  magnesian  than  those  of  recent  geologic  periods,  and 
those  laid  down  since  the  Carboniferous  are  on  the  average  but 
slightly  dolomitic.  He  argues  that  the  pro-Cambrian  ocean  was 
nearly  limeless  but  somewhat  magnesian,  and  that  the  carbonates 
were  precipitated  by  the  products  of  organic  decomposition.  On  the 
other  hand  E.  W.  Skeats,'  E.  Steidtmann,'  and  F.  M.  Van  Tuyl  *  re- 
gard the  rejdaoement  theory  as  the  most  satisfactory.  Van  TuyPs 
tnemoir  is  an  excellent  critical  summary  of  all  the  different  views  as  / 
to  the  origin  of  dolomite  and  is  rich  in  references  to  literature.       / 

The  f ollowiDg  analyses  of  magnesian  limestones  were  made  in  the 
laboratory  of  the  United  States  Geological  Survey.*^  Other  analyses 
in  abundance  are  scattered  through  the  literature  of  limestones.  . 

Analyses  of  magnesian  limestones. 

A.  Green  Teak  Quarry,  Dorset,  Vermont.    Analj-sia  by  (teorge  Stciger.    Described  by  T.  N.  Dale  in 
BuU.  No.  1»5,  1902. 

B.  "  Knox  dolomite,"  Morrisville,  Alabama.    Analysis  by  "W.  F.  Uillebrand.    Described  by  I.  C.  Ros- 
sell  in  DtiU.  No.  52,  1889. 

C.  Penokee  district,  Wisconsin.    Analy^  by  Hillebrand.    See  R.  D.  Irving  and  C.  R.  Van  Hise,  in 
Hon.,  vol.  19, 1892. 

D.  "  Niobrara  dolomite,"  Denver  Basin,  Colorado.    Analysis  by  L.  (}.  Eakins.    DesciTI>ed  by  Emmons 
in  Mon.,  vol.  27, 189r.. 

E.  Near  Red  Mountain,  Silver  Peak  district.  Nevada.    Analysis  by  Stdger. 

F.  The  theoretical  composition  of  ideally  pure  dolomite. 


A 

B 

C 

D 

E 

F 

Inaoliiblo 

12.01 

0.31 

SiO, 

8.36 

1.77 

.22 

1.08 

3.24 
.17 
.17 
.06 

0.63 

'   '.03' 

.75 

.08 

20.68 

30.94 

AlA 

.54 
.11 

'  '.'26' 
18.03 
27.49 

FcO, 

p-ro. 

1.89 

MnO 

MjrO 

16.68 

29.03 

.06 

1.08 

.03 

.42 

41.66 

20.84 
29.58 

20.19 
30.35 

21.9 

CaO 

30.4 

NaoO     

KJj 

H,0- 

1      .30 
45.54 

}      .27 
46.27 

}      .61 

41.40 
.03 

HaO-h 

COo 

47.21 

47.7 

p,o. 

r*    * 

CI 

Trace. 

100.39 

99.90 

99.65 

100.42 

99.95 

100.0 

>  Bull.  Oeol.  Soc.  Amcricji,  vol.  20,  1909,  p.  153. 

*  See  ante,  p.  667. 

•Jour.  Oeology,  vol.  19. 1911,  pp.  338,  392;  Bull.  Geol.  Soc.  Amoriea,  vol.  28,  1917,  p.  431. 
<  Ann.  Rept.  Iowa  Geol.  Survey,  vol.  25,  1914  (pub.  1916),  pp.  251-422. 

•  See  Bull.  U.  S.  Qeol.  Survey,  No.  691, 1915,  pp.  226-249,  lor  these  analyaQ&  and  o\Jb«c^  ^>^\a>an^ 
Tuyl,  op.  cit.    For  analyses  of  Belgiaa  dolomites  see  A.  Fixkeft ,  loui. &00.  \gi(^.l^i^M^^*'^V^SSS&^'d>'^^^ 
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Under  ordinary  atmospheric  and  aqueous  conditions  dolomite 
alters  like  limestone^  but  less  readily.  By  volcanic  agencies,  that  is, 
the  combined  action  of  heated  or  fused  rocks  and  steam,  dolomite  is 
sometimes  transformed  into  a  substance  which  was  once  thought  to 
be  a  distinct  mineral  species,  and  was  named  predazzite  and  penca- 
tite  by  different  investigators.  This  substance  has  been  interpreted 
])y  Damour,*  G.  Hauenschild,^  J.  Roth,'  and  J.  Lemberg  *  as  a  mix- 
ture of  caloite  and  brucite,  MgOaHj.  O.  Lene^ek,*  however,  regards 
it  as  a  mixture  of  calcite  and  hydromagnesite,  the  latter  being  partly 
pseud omorphous  after  periclaso  and  partly  an  infiltration.  In  either 
case  the  dolomite  has  been  altered  by  the  transformation  of  its  mag- 
nesium carbonate  into  a  basic  salt  or  into  hydroxide.  The  latter 
compound,  under  some  conditions,  can  be  leached  away,  leaving 
nearly  pure  calcite;  or  it  may  be  dehydrated,  forming  peridase, 
MgO.  Predazzite  was  first  observed  at  Predazzo,  in  the  Tyrol;  and 
Lemberg,  by  acting  on  normal  dolomite  from  that  locality  with 
steam,  obtained  a  similar  product.  A  like  alteration  of  dolomite 
from  a  Russian  locality  was  also  reported  by  F.  Rosen.* 

MAONESITE. 

Magnesite,  magnesium  carbonate,  MgCOj,  is  closely  related  to 
dolomite,  but  its  origin  is  generally  quite  different.  Dolomite  is 
commonly  of  marine  origin;  magnesite  is  much  more  frequently 
formed  above  sea  level.  Its  most  common  occurrences  are  due  to 
the  alteration  of  the  more  easily  decomposable  rocks,  especially  peri- 
doiitos  and  serpentines.  Upon  such  rocks  carbonated  waters  act, 
dissolving  away  the  magnesia  as  carbonate  to  be  deposited  elsewhere. 
Either  magnesium  bicarbonate  or  the  trihydrate  may  take  part  in 
this  reaction.  Opaline  silica  is  formed  at  the  same  time,  but  appears 
as  a  common  impurity  in  the  magnesite.  Ferrous  carbonate  is  also 
formed,  often  in  sufficient  quantity  to  bring  about  a  transition  into 
the  mixed  carbonate,  ankerite.  In  some  instances  the  magnesian 
solutions,  instead  of  depositing  their  load  directly,  act  upon  lime- 
stone or  even  dolomite,  replacing  calcium  by  magnesium.  K.  A. 
Rcdlich  and  O.  Grosspietsch  ^  have  described  a  dolomite  which  had 
inclusions  of  crinoidal  remains  completely  altered  into  magnesite. 
Tlie  crinoids  themselves  are  highly  magnesian '  and  had  in  this  case 
lost  their  Ume. 

'  BuJl.  Soc.  g^l.  France,  2d  ser..  vol.  4,  1M7,  p.  1050. 
« Sitrungsb.  K.  Akad.  Wiss.  Wien,  vol.  («,  1870,  p.  795. 

>  See  Allgemeioe  und  chemische  Geologie,  vol.  l,  pp.  422-425.    Roth  cites  many  analyses  of  altered 
dolomites  and  gives  the  data  concerning  predazzite  with  considerable  fullness. 

*  Zeitschr.  Deutsch.  gcol.  Ge^ell.,  vol.  24, 1874,  p.  187. 

*  Min.  pet.  Mitt.,  vol.  12, 1892,  pp.  429, 447.    I^ene^k  gives  a  good  summary  of  the  literature  of  pre^«^t^ 
e  Arch.  Natarkimde  Liv.,  Esth.  u.  Kurlandf;,  1st  ser.,  vol.  3,  IfrtA,  p.  142.  ' ' 

f  Zeitschr.  piakt.  Geologie,  vol.  21, 1913,  p.  90. 
f  See  ante,  p.  504. 
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Mmgaeaiteris  sisohBown  as  a  se^hnentary^  deport,  formed  by  pre- 
cipitalion.  Such  an  occurrence  is  commercially  exjdoited  near  Bis- 
sell,  California,  and  has  been  described  by  H.  S.  Gale.^  Here,  appar^ 
ently,  magne^an  solutions,  probably  of  the  sulphate,  have  become 
mixed  with  solutions  of  sodium  carbonate.  Under  such  conditions 
a  bed  of  magnesite  could  be  formed. 

The  three  processes  thus  outhned,  namely,  decomposition  of  mag- 
nesian  rocks,  replacement  of  Umestones,  and  chemical  precipitation, 
probably  account  for  all  the  deposits  of  magnesite  of  any  large  sig- 
nificance. Doubtless  the  mineral  is  sometimes  formed  by  other  proc- 
esses, in  marine  muds,  for  example,  or  by  pneumatolytic  (volcanic) 
agencies,  but  these  are  of  minor  importance.  They  need  no  detailed 
consideration  here.  For  a  more  complete  statement,  with  abundant 
references  to  European  hterature,  the  papers  by  K.  A.  Redlich* 

should  be  consulted. 

IRON  CARBONATE, 

Another  important  rock-building  carbonate  is  siderite,  the  ferrous 
carbonate  FeCOg.  Its  formation  as  bog  ore  has  already  been  con- 
sidered,^ together  with  its  transformation  into  hmonite,  but  its  rela- 
tions to  limestone  and  dolomite  remain  to  be  noticed.  Between 
these  rocks  there  are  many  transitional  mixtures,  and  ankerite,  the, 
feiriferous  dolomite,  is  one  of  them.  This  mineral  contains  iron 
replacing-  magnesium,  to  use  the  ordinary  phraseology,  but  this 
imphes  that  the  double  salt  CaFeCjOs  exists  isomorphous  with  and 
equivalent  to  the  magnesian  compound,  dolomite.  The  two  salts, 
CaFeCjO,  and  CaMgCjOe,  may  commingle  in  any  proportion,  and  vari- 
eties containing  manganese  carbonate  are  also  known.  So,  too,  there 
are  mixtures  of  magnesite  and  siderite,  known  as  breunnerite,  mesitite, 
and  pistomesite,  but  they  are  comparatively  unimportant  except  in 
the  study  of  isomorphism.  The  manganese  carbonate,  rhodochro- 
site,  MnCOj,  is  usually  a  mineral  of  metalliferous  veins. 

As  bog  ore,  siderite  is  deposited  from  a  bicarbonate  solution  in 
presence  of  organic  matter  and  out  of  contact  with  air.  But  siderite, 
like  dolomite,  may  also  be  formed  by  replacement  when  iron  solu- 
tions act  upon  Umestones.  H.  C.  Sorby  *  found  that  Iceland  spar 
immersed  in  a  solution  of  ferrous  chloride  was  slowly  transformed 
into  crystaUine  siderite;  in  ferric  chloride,  on  the  other  hand,  ferric 

1  Bull.  U.  S.  Geo].  Survey  No.  540,  1914,  p.  483.  See  also  L.  A.  Palmer,  Eng.  and  Min.  Joor.,  voL  102; 
1916,  p.  905.  Oale  also  describes  a  number  of  other  localities  in  California.  In  an  earlier  bolletin  (No. 
355, 1906)  F.  L.  Hess  has  described  some  of  the  same  localities,  and  also  gives  a  summary  of  other  locali- 
ties of  commercial  significance  throughout  the  wwld. 

-  >  Doelter's  Handbuch  der  Mineralchemie,  vol.  l,  1912,  p.  343;  and  Fortschr.  Min.,  Krist.,  Petrog.,  vdL 
4, 1914,  p.  9.    See  also,  with  reference  to  Canadian-localities^  H.  Frediette,  Trans.  Canadian  Mining  Inst., 
vol.  19,  p.  139;  and  M.  E.  Wilson,  Qeol.  Sm>vey,  Canada,  Mem.  No.  96. 1917.    A  brief  paper  by  8  H.  Dot- 
^beag.on'thegeaebeMa8try  of  magneidte  is  in  Min.  and  Sd.  Pren,.vol..ll4, 1917,  p.  237. 

•  8ee  ante,  p.  528. 

<  Quart.  Jour.  Geol.  See.,  vol.  35,  Proc.,  1879,  p.  73. 
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hydroxide  was  formed.  A  similar  precipitation  of  limcmite  was 
observed  by  G.  Keller  '  when  calcite  was  treated  with  ferric  sulphate. 
Reactions  of  this  kind  have  often  been  mvoked  in  the  interpreta- 
tion of  sedimentary  iron  ore6.  J.  P.  Elimball,'  for  examploi  regards 
the  reaction  of  ferrous  solutions  upon  limestones  as  of  the  highest 
importance,  and  refers  to  isolated  masses  of  coral  reef  in  Cuba  which 
have  been  so  replaced  by  iron  compounds.  Fossils,  originally  cal- 
careous, but  now  composed  of  limonite,  are  not  rare.  In  the  Jurassic 
Unu^stones  of  central  France  ores  of  iron,  manganese,  and  zinc  are 
widely  disseminated.  According  to  L.  Dieulafait,'  these  ores  were 
pi*ocipitated  from  solution  by  calcium  carbonate,  the  iron  first,  zinc 
and  manganese  later.  The  iron  ores  are  always  at  the  bottom  of 
,the  series,  and  the  other  metals  are  found  in  the  overlying  limestones, 
like  carbonate  of  Ume,  iron  carbonate  may  be  removed  from  solu- 
tion by  aquatic  vegetation.  The  process,  however,  is  different  in 
one  particular.  Ferrous  carbonate  is  easily  oxidized  to  limonite,  and 
that  change,  which  takes  place  in  air  alone,  is  doubtless  accelerated 
by  the  oxygen  which  the  plants  exhale.  The  deposit  formed  is  not 
^iderite  then,  but  hydroxide.  Similar  precipitation  of  limonite  may 
also  occur  from  sulphate  solutions,  as  in  or  near  a  chalybeate  spring 
in  Death  Gulch,  Yellowstone  National  Park.  Here,  according  to 
W.  H.  Weed,^  the  mosses  form,  from  the  water  of  the  spring,  an  iron 
sinter,  wliich  was  analyzed  by  J.  E.  Wliitfield  in  the  laboratory  of  the 
United  States  Geological  Survey  with  the  following  results: 

Analysis  oj  irtm  sinter. 

SiOa L37 

FejOa 6a  03 

AlA 08 

SO3 a  35 

H2O  and  organic  matter 26.  94 

99.77 

Tlie  instal)ility  of  ferrous  carbonate  is  also  shown  by  the  deposits 
of  iron  rust  aroimd  iron-bearing  springs  in  general,  and  by  the  forma- 
tion of  stalactites  of  Umonite.  Such  stalactites  were  formed  exactly 
Uke  calcite  stalactites,  by  carbonate  solutions,  only  the  iron  salt  has 
decomposed  and  left  residues  of  hydroxide.  According  to  T.  Sterry 
Hunt '  the  alteration  of  siderite  to  hmonite  is  attended  by  a  contrac- 
tion of  27.5  per  cent,  whence  limonite  ore  bodies  are  often  porous  or 
spongy. 

The  vast  deposits  of  iron  ores  in  the  Lake  Superior  region,  limo- 
nites,  hematites,  magnetites,  etc.,  are  now  regarded  as  in  great 
measure  secondary  bodies  derived  from  iron  carbonates  of  sedimcn- 

. . -rrtjrr — 

1  Neties  Jahrb..  1882,  Band  1,  ref.,  p.  363.  *  Compt.  Rend.,  voL  100. 188S,  |>.  mx  »i» ' 

•Am.  Jour.  Sci.,  3d  scr.,  vol.  42, 1891,  p.  231.  *  .\nL  Oeolo^st,  vml.  7,  1891,  p.  4S. 

•  Canadian  Naturalist,  vol.  9, 1881,  p.  431. 
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tarjTs  origin.  The  prooe8s4>3f«wki<^  thasir  concentration  was  probably 
effected  has  been  summed  up  by  C.  R.  Van  Hise  ^  as  follows:  First, 
meteoric  waters  attacked  the  upper  portions  of  tlie  original  carbon- 
ate, oxidizing  the  latter  to  limonite.  In  so  doing  tlie  waters  lost 
their  dissolved  oxygen  and  became  carbonated.  In  this  condition 
the  waters  dissolve  ferrous  carbonate,  with  some  silicate,  and  transfer 
it  to  lower  levels.  Later,  the  surface  oxidation  liaving  been  com- 
pleted, waters  charged  with  atmospheric  oxygen  percolate  downward, 
mingle  with  the  iron  solutions  previously  fonned,  and  precipitate 
limonite.  The  latter,  by  heat  and  pressure,  may  be  transformed  to 
hematite.  A  similar  interpretation  is  given  by  A,  Brunlechner  '  to 
the  associated  siderite  and  limonite  at  Huttenberg  in  Carinthia.  In 
this  case,  however,  the  waters  charged  with  ferrous  carbonate  re- 
deposit  it  upon  contact  with  limestones.  Here  also  the  original  for- 
mation, the  main  ore  body,  is  sedimentary. 

The  following  analyses  represent  mixed  carbonates,  mainly   fer- 
riferous : 

Analyses  of  mixed  carbonates. 

A.  Iron  carbonate,  Sunday  Lake,  Michigan.    Analysis  by  W.  F.  Hillebrand. 

B.  Iron  carbonate,  Penokee  district,  Michigan.    Analysis  by  R.  B.  Riggs. 

C.  Iron  carbonate,  Ounflint  Lake,  Canada.    Analysis  by  T.  M.  Cbatard. 

.  D^  Ferrodelomite,  ICarquette  district,  MichSgaa.  Analysis  by  O.  St«Ig«r.  For  analyses  A,  It,  C,  D, 
and  others,  see  Bull.  U.  8.  Oeol.  Survey  No.  228, 1904,  pp.  318-^20. 

E.  Cobaltiferous  siderite,  from  a  mine  near  Neunkirchen,  Germany.    Analysis  by  G.  Bddlander,  Neucs 
Jahrb.,  1892,  Band  2,  p.  236. 

F.  Mangandolomite,  Oroiner,  Tyrol.    Analysis  by  K.  Eisenhuth,  Zoitschr.  Kiyst*  Min.,  toL  35»  19Q8« 
p.  582.    Other  analyses  of  dolomite,  etc.,  are  given  in  this  paper. 
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MX^g*     ••••••>................. 

99.97 

100.41 

99.76 

100.17 

100.75 

100.81 

1  Twenty-first  Ann.  Rept.  I^  R.  Geol.  Survey,  pt.  3,  1900,  p.  32fi.  IConograpbs  19,  28,  Sft,  43,  45,  and 
46  of  the  Survey,  by  Irving,  Van  Uise,  Clements,  Smnh,  Bayley.  and  Lelth.  deal  exhaustively  with  these 
**Lake  Superior''  ores.  I^e  also  J.  R.  Sporr.  Bull.  No.  10,  Geoi.  Nat.  Hist,  fiurvey  Mnmeflota,  1804,  on 
the  Mesabi  ores:  and  8.  Weidman,  Bull.  No.  13,  Wlsoonshi  Oeol.  Nat.  Hist.  Survey,  1904,  on  the  Boraboo 
district.  Bull.  Nn.  6  of  the  Minnesota  Survey,  1891,  by  N.  H.  and  H.  V.  Wincbell,  is  devoted  to  a  dis- 
cussion of  the  Minnesota  deposits. 

«  Zeitsohr.  prakt.  Geologie,  1893,  p.  301. 
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SILICATBD  IRON  ORES. 


In  addition  to  siderite,  certain  sedimentary  silicates  serve  as  sources 
for  limonite  and  hematite  ores.  Glauconite,  for  example,  was  sug* 
gested  by  R.  A.  F.  Penrose  ^  as  a  possible  parent  of  iron  ore,  and  a 
green  silicate  from  which  the  Mesabi  ores  are  derived  was  placed 
under  glauconite  J)y  J.  E.  Spurr.^  C.  K.  Leith,*  however,  in  his 
report  on  the  Mesabi  district,  has  shown  that  the  green  mineral  of  the 
ferruginous  cherts  is  not  glauconite,  but  a  hydrated  ferrous  or  ferroso- 
fcrric  silicate,  containing  no  potassium.  To  this  silicate  he  gives  the 
name  greenahte.  Its  composition,  as  shown  by  the  analyses  made  by 
G.  Steigor  *  in  tlie  laboratory  of  the  Unit-ed  States  Geological  Survey, 
is  not  accurately  determinable,  for  tlie  green  granules  can  not  be 
mechanically  separated  from  the  enveloping  chert.  Three  analyses 
of  the  portion  of  tlie  rock  soluble  in  hydrochloric  acid  gave  the  fol- 
lowing results,  after  union  of  like  bases  and  recalculation  to  100  per 
cent.  For  comparison  with  them,  in  a  fourth  column,  I  give  an  analy- 
sis by  F.  Field  *  of  a  green,  massive,  chloritic  mineral  associated 
with  the  cronstedtite  of  Cornwall: 

AnahjSfS  of  granalitv^  rtc. 


Oreenalitf,  Steigor. 

Cornwall, 

1 

3 

FieM. 

SiOj 

30.08 

34.85 

25.72 

9.35 

30.  49 

23.  52 

36.92 

9.07 

38.00 
8.40 

46.56 
7.04 

31.72 

FcO, 

18.51 

FeO. 

39.46 

HoO 

11.02 

m^2^^  •    • 

1 

100.00 

100.00 

100.00 

100.71 

Field's  mineral  and  the  greenalite  No.  2  are  very  similar,  and 
approach  in  composition  a  hydrated  compound  of  the  garnet  type, 
Fe'"2F6"8(Si04)3.3H20.  The  third  greenalite  analysis,  however,  is 
of  an  almost  entirely  ferrous  compound,  a  hydrous  metasilicat^ 
approaching  the  formula  FeSiOs.aq.  It  is  evident  that  the  abso- 
lutely definite  silicate  is  yet  to  be  identified. 

In  the  analyses  cited  the  soluble  green  granules  formed  from  48  to 
82.5  per  cent  of  the  entire  greenahte  rook,  which,  according  to  Leith, 
represents  a  marine  sediment  analogous  to  glauconite.    From  this  sil- 

1  Ann.  Rept.  CJool.  Survey  Arkansas,  vol.  1, 1892.    This  is  a  monograph  on  the  iron  ores  of  Arkansas. 
«  Bull.  No.  10,  Oeol.  Nat.  Hi.st.  Survey  Minnesota.  1894. 

*  Men.  U.  8.  Qtol  Snrvey,  vol.  43, 1903,  pp.  237-279.  On  the  origin  of  these  ores  see  also  N.  H.  Winchtfl, 
Bull.  Oeol.  Soc.  America,  vol.  23,  1912,  p.  317.    Winchell  regards  the  greenalite  granules  as  derived 
volcanic  sand. 

*  See  C.  K.  Leith,  Mon.  U.  S.  Geol.  Survey,  vol.  43, 1903,  p.  246.    Pisoiis.<;icm  by  F.  W.  Clarke. 

*  Philos.  Mag.,  5th  ser.,  vol.  5, 1878,  p.  52. 
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icate,  by  leaching,  the  hydrous  hematites  of  the  Mesabi  district,  were 
concentrated;  but  the  reactions  proposed  by  Leith  to  account,  first, 
for  the  greenalite  and,  later,  for  its  decomposition  are  largely  hypo- 
thetical. Iron,  in  solution  as  carbonate,  was  probably  brought  into 
the  ocean  by  waters  from  the  land  and  precipitated  as  ferric  hydrox- 
ide. The  latter  compound,  partly  or  wholly  reduced  to  the  ferrous 
state  by  organic  matter  derived  from  marine  vegetation,  then  com- 
bined with  siUca,  of  which  an  excess,  now  represented  by  chert,  was 
also  present.  These  processes  are  possible,  and  the  explanation  thus 
offered  to  account  for  the  iron-bearing  rocks  is  probable  enough  to  be 
provisionally  held,  at  least  until  something  better  is  offered.  We 
know  that  ferruginous  sediments  are  now  forming  in  the  ocean;  we 
know  that  chert,  in  many  cases,  is  of  organic  origin;  and  these  facts 
are  consistent  with  the  suppositions  summarized  above. 

At  a  number  of  European  localities  iron  ores  are  found  which  con- 
sist partly  of  silicates.  One  of  these,  thuringite,  is  a  member  of  the 
chlorite  group;  but  another  chloritic  mineral,  chamosite,  which  occurs 
associated  with  magnetite,  limonite,  or  hematite  in  oolitic  aggrega- 
tions, is  more  definitely  an  ore  of  iron.  Its  composition,  as  deter- 
mined by  C.  Schmidt'  on  Swiss  material,  and  by  E.  R.  Zalinski^  on 
Thuringian  specimens,  as  represented  by  the  empirical  formula 
3FeO.Al2O3.2SiO2.3H2O.  The  much  rarer  mineral  cronstedtite  has 
probably  the  same  formula,  with  ferric  oxide  in  place  of  alumina;  and 
it  differs  from  greenalite,  as  represented  by  the  second  analysis  of  the 
latter,  in  containing  one  less  molecule  of  silica.  Berthierine,  from 
Hayanges,  near  Metz,  is  essentially  a  mixture  of  chamosite  and  mag- 
netite,' and  forms  a  valuable  ore. 

These  silicates  all  undergo  alteration  with  great  ease,  yielding 
oxides  or  hydroxides  of  iron.  In  most  cases  the  ores  containing  them 
are  oolitic,  and  form  beds  of  sedimentary  origin.*  In  this  respect 
they  resemble  glauconite  and  greenahte,  with  which,  chemically,  they 
are  so  closely  allied.  How  they  were  formed  is  uncertain  and  differ- 
ent authorities  interpret  the  evidence  differently.  The  latest  writer, 
E.  R.  Zalinski,*  regards  thuringite  and  chamosite  as  secondary  prod- 
ucts, derived  by  alteration  from  earlier  sediments  at  the  bottom  of  the 
Lower  Silurian  sea.  Whatever  the  final  conclusion  may  be,  it  seems 
clear  that  glauconite,  chamosite,  and  greenalite,  and  possibly  other 

«  Zeitschr.  Kryst.  Min.,  vol.  11, 1886,  p.  601. 

*  Neues  Jahrb.,  Beil.  Baod  19, 1904,  p.  40. 

*  See  A.  Lacroix,  Mindralogie  de  la  France,  vol.  I ,  p.  401 ,  for  this  and  other  French  occurrences. 

*  On  the  ores,  locally  known  as  "minette,"  of  Luxemburg  and  Lorraine,  see  Bleichor,  Bull.  Soc.  indust. 
de  I'Est,  1894;  L.  Hoffman,  Verhandl.  Naturhist.  Ver.  preuss.  Rheinlande  u.  Westfalens,  vol.  55, 1898, 
p.  109;  U.  Ansel,  Zeitschr.  prakt.  Geologie,  1901 ,  p.  81;  and  L.  van  Werveke,  idem,  p.  396.  On  the  Thui^ 
ingian  ores  see  H.  Loretz,  Jahrb.  K.  preuss.  geol.  Landesanstalt,  1884,  p.  120.  Much  other  literature  is 
cited  in  the  memoirs  mentioned  here. 

*  Neues  Jahrb.,  Beil.  Band  19, 1904.  p.  79.  Zalinski  gives  a  good  summ^uy  of  the  various  theories  which 
have  been  framed  in  order  to  account  for  these  ores.  ^ 

113750**— 19— Bull.  695 37  ~ 


578  DATA  OF  GEOCHEIOSTEY. 

allied  silicates,  were  all  formed  by  similar  reactions^  different  local 
conditions  having  determined  which  product  should  appear/ 

GTPRUM. 

The  occurrence  of  gypsum  as  a  sedimentary  rock  has  already  been 
partially  considered.^  It  may  form  on  a  large  scale  during  the  con- 
centration of  oceanic  and  other  natural  brines,  and  it  is  sometimes 
deposited  from  solution  in  fresh  waters.  Acid  waters  of  volcanic 
origin,^  or  derived  from  the  oxidation  of  pjrrite,  by  acting  upon 
Umcs tones,  also  produce  gypsum.  Its  appearance  as  an  accessory 
mineral  in  dolomitization  is  due  to  double  decomposition  between 
hmcstone  and  solutions  containing  magnesium  sulphate;  and  other 
sulphates  may  act  in  a  similar  way.  L.  Jowa/  for  example,  prepared 
crystals  of  selenite  by  acting  upon  chalk  with  a  solution  of  ferrous 
sulphate.  Gypsmn  formed  by  reactions  of  this  order,  however,  is 
commonly  dissolved  by  tlie  waters  which  assist  in  the  process  and  is 
carried  away,  to  be  diffused  or  deposited  elsewhere.  As  an  important 
rock  gypsum  is  generally  a  saline  residue,  and  its  formation  in  the  first 
instance  is  probably  oftener  due  to  the  action  of  oxidizing  pyrito 
upon  hme-bearing  rocks  than  to  any  other  cause.' 

NATIVE  SUUPHUR. 

Native  sulphur  is  a  frequent  companion  of  gypsum,  and  this,  too, 
may  be  produced  in  several  ways.  It  is  known  as  a  volcanic  subh- 
mate  and  is  a  product  of  reactions  between  sulphur  dioxide  and 
hydrogen  sulpliide.  It  is  also  formed  by  the  incomplete  combustion 
of  hydrogen  sulphide,  probably  in  accordance  with  the  equation* 
2H2S-f-02  =  2H20-f  2S.  According  to  Becker,  who  studied  the  phe- 
nomena at  Sulphur  Bank,  California,  the  oxidation  of  H^S  to  jBiS04 
develops  201,500  calories.  The  oxidation  to  11,0 -I- S  develops  only 
59,100  calories.    Hence,  where  oxygen  is  in  excess,  as  at  the  surface, 

1  In  addition  to  the  literoture  already  cited ,  the  following  American  reports  on  iroo  ores  are  worth 
noticing:  W.  D.  Phillips,  Iron  making  in  Alabama,  a  bulletin  issued  by  the  Alabama  GeoL  6ur\-^  in 
1908.  S.  W.  McCallie,  Bull.  No.  10-A,  Georgia  Oeol.  Sur\'ey,  1900,  on  the  brown  iron  ores  of  that  State; 
H.  B.  r.  Nit£e,  Bull.  No.  1,  North  Carolina  Geol.  8ur\'ey,  1R93;  F.  T>.  Nason,  Report  on  iroa  oree,  Mie- 
souri  OeoL  Survey,  1802;  Rept.  of  Progress  F,  Second  Geol.  Survey  Pennsylvania,  1878,  on  the  ores  of 
the  Juniata  Valley;  E.  T.  Dumble,  Reports  on  the  iron-ore  district  of  East  Texas:  Second  Ann.  Rept. 
Texas  Geol.  Sun-ey,  1891.  The  most  exhaustive  general  treatise  is  R.  Bock's  great  monognph,  Die  Ge- 
schichte  des  Eiscns.  Los  minerals  de  fer  oolitiqne  de  France,  by  L.  Cayeux  (^flbist^  trav.  pobl.,  Paris, 
1909)  is  an  important  recent  monograph. 

«  See  ante,  pp.  21G-222. 

3  J.  W.  Dawson  (Acadian  geology,  1891,  p.  262)  attributes  the  formation  of  gypsum  in  Nova  Scotia  to 
the  action  of  sulphuric  acid,  derived  Irom  volcanic  sources,  on  limestones. 

*  Annales  Soc.  gfol.  Belgique,  vol.  23, 1896,  p.  cxxviL 

*  For  data  upon  American  gypsum  see  G .  P.  G  rimsley ,  Michigan  G  eol.  Survey ,  voL  9,  pt.  2, 1904;  Grimalqr 
and  E.  II.  S.  Bailey,  Kansas  Univ.  Geol.  Survey,  vol.  5,  la&d;  C.  R.  Keyes,  Iowa  GeoL  Survey,  voL  3, 
pp.  257-304;  F.  J.  H.  Merrill,  Bull.  New  York  State  Mus.,  vol.  3,  No.  11, 1893.  Bull.  U.  S.  GeoL  Surrey 
No.  223, 1904,  by  G.  I.  Adams  and  others,  describes  the  gypsum  deposits  of  the  United  States.  On  the 
genetic  relations  of  gypsum  and  anhydrite  see  R.  C.  Wallace,  GeoL  Mag.,  1914,  p.  271. 

*  See  O.  F.  Becker,  Mon.  U.  S.  Geol.  Survey,  vol.  13, 1888,  p.  254;  and  J.  Uabermann,  Zaitscfar.  aoois. 
(Tiemie,  vol.  38, 1904,  p.  101. 
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hydrogen  sulphide  is  completely  oxidized,  and  sulphuric  acid  is 
formed.  A  short  distance  below  the  surface  oxygen  is  deficient,  and 
then  sulphur  is  liberated.  Probably,  however,  the  actual  conditions 
are  more  complex.  Sulphur  dioxide  must  be  produced  to  some  ex- 
tent, and  that  reacts  with  the  hydrogen  sulphide  to  form  sulphur 
also.  At  all  events,  sulphuric  acid  and  free  sulphur  both  occur  at 
Sulphur  Bank,  and  in  accordance  with  the  conditions  imposed  by 
theory.  The  deposition  of  sulphur  at  the  Eabbit  Hole  mines,  Ne- 
vada, is  also  ascribed  by  G.  I.  Adams  ^  to  solfataric  activity. 

Sulphur  deposits  are  common  around  mineral  springs,  being  due 
to  the  imperfect  oxidation  of  hydrogen  sulphide;  and  the  latter  com- 
pound may  be  generated  either  by  the  action  of  acid  waters  upon 
sulphides  or  through  the  reduction  of  sulphates,  such  as  gypsum, 
by  micro-organisms.-  The  interpretation  of  any  given  locality  for 
sulphur  is  not  easy,  for  different  conditions  reign  in  different  places. 
In  one  deposit  the  evidence  of  thermal  reduction  may  be  clear,  while 
elsewhere  some  other  process  is  seen  to  have  been  operative.  The 
most  famous  of  all  sulphur  deposits  is  that  near  Girg^iti,  in  SicUy, 
and  this  has  been  variously  interpreted.  Gypsmn,  sulphur,  celestite, 
and  aragonite  are  here  intimately  associated,  in  what  is  evidently  a 
sedimentary  formation  not  far  removed  from  a  center  of  great  vol- 
canic activity.  The  sulphiu*,  therefore,  has  been  regarded  by  some 
writers  as  volcanic,  by  others  as  a  product  of  nonvolcanic  agencies, 
and  the  conditions  are  such  that  either  supposition  can  be  strongly 
supported.  Sicily  abounds  in  solf  ataras,  and  in  springs  chained  with 
hydrc^en  sulphide;  and  these  may  well  have  brought  the  sulphur 
from  volcanic  sources  far  below  the  surface.  Its  deposition,  in  that 
case,  is  due  to  the  decomposition  of  hydrogen  sulphide,  which  has 
taken  place  under  aqueous  rather  than  igneous  conditions;  and  this 
view,  with  differences  in  detail,  has  been  adopted  by  various  author- 
ities.^ A  von  Lasaulx,^  for  example,  has  argued  that  the  sulphur 
was  deposited  from  waters  containing  hydrogen  sulphide  and  cal- 
ciimi  carbonate  during  concentration  in  fresh-water  basins;  and  G. 
Spezia^  has  developed  a  similar  argument  more  fully.  In  order  to 
account  for  the  association  of  sulphur  and  gypsum  without  assuming 
the  derivation  of  one  from  the  other,  Spezia  cites  an  observation  of 

»  BuU.U.  S.  Gool. Survey  No.  225, 1904,  p.  107.  Seealso  D.  F.  He\vctton  Sulphur  deposits  fo  Wyoming, 
Bull.  IT.  S.  Gcol.  Survey  No.  540-R,  1913. 

«  See  esx)ecially  E.  riauchud,  Compt.  Rend.,  vol.  84, 1877,  p.  235;  vol.  95,  1882,  p.  1363.  Abo  A.  Ktmrd 
and  L.  Olivier,  idem,  vol.  05, 1882,  p.  846.  W.  F.  Hunt  (Ecoa.  Gwlogy,  vol.  10. 1915,  p.  543)  has  made  a 
stfxmg:  argfument  in  favor  of  the  bacterial  origin  of  Sicilian  sulphur. 

»  R.  Travaglia  (Bol.  Com.  geol.,  1889,  p.  110),  however,  regards  the  Sicilian  sulphur  as  having  been  formed 
tlttough  the  reduction  of  g3^psum  by  organic  matter,  the  remains  of  marine  animals. 

<  Neues  Jahrb.,  1879,  p.  490. 

6  Suir  origine  del  solfo  noi  giacimenti  solflferl  dclla  Sicilia,  Torino,  1892.  The  theories  relative  to  the 
origin  of  Sicilian  sulphur  are  cxhaastively  sunmied  up  and  discussed  in  this  memoir.  Several  Italian 
works  cited  by  Si)ezia  I  have  not  been  able  to  consult.  For  a  general  paper  on  the  origin  of  sulphur,  seo 
O.  Stutzer,  Econ.  Geology,  vol.  7. 1912,  p.  732. 


580  DATA  OF  GEOCHEMISTRY. 

A.  B^champ/  who  found  that  when  hydrogen  sulphide  was  passed 
into  water  containing  suspended  calcium  carbonate  the  latter  was 
partly  decomposed  and  calcium  hydrosulphide  was  foimed.  This 
experiment  was  repeated  by  Spezia,'  but  with  fragments  of  marble 
*  and  under  a  pressure  of  six  atmospheres.  The  solution  thus  obtained 
was  foimd  to  contain  a  sulphide,  and  upon  evaporation  to  small 
bulk  at  ordinary  temperatures  it  deposited  microscopic  crystals  of 
calcite,  sulphur,  and  gypsimi.  By  a  reaction  of  this  kihd,  between 
the  sedimentary  limestones  and  the  ascending  sulphureted  waterB, 
the  observed  association  of  minerals  may  have  been,  produced. 
Wherever  such  waters  act  slowly  upon  limestones  free  sulphur  with 
gypsum  is  likely  to  be  formed.*  It  must  be  observed,  hoWever,  that 
the  partial  oxidation  of  hydrogen  sulphide  in  presence  of  limestone 
would  also  produce  the  same  association  of  substances.  It  is  inter- 
esting to  note  that  in  a  large  crystal  of  gypsmn  from  Cianciana,  H. 
Sjogren*  found  a  fluid  inclusion  which  yielded  liquid  enough  for 
analysis.  Its  composition  resembled  that  of  sea  water,  and  the  cavity 
also  contained  bydrogen  sulphide. 

The  considerable  deposits  of  sulphur  found  in  western  Texas  are 
also  associated  with  gypsmn,  and  with  waters  which  contain  hydro- 
gen sulphide.  Some  waters  from  the  sulphur  beds  are  strongly  acid, 
and  E.  M.  Skeats*  reports  one  water  which  carried  1,360  parts  per 
million,  or  79.08  grains  per  gallon,  of  free  H2SO4.  The  deposits  are 
associated  with  limestones,  which  are  sometimes  bituminous,  and  at 
some  points,  as  described  by  Richardson,  gypsum  has  evidently  been 
formed  by  alteration  of  the  carbonate.  At  Cove  Creek,  in  Utah, 
sulphur  occurs  in  great  quantities  as  an  impregnation  in  rhyolitic 
tuff.®  It  is  derived  from  hydrogen  sulphide  of  volcanic  origini  and 
is  also  accompanied  by  strongly  acid  water.  So  far  as  the  sedi- 
mentary rocks  are  concerned,  the  association  of  limestone,  g3ri)6um, 
•sulphur,  and  hydrogen  sulphide  seems  to  be  quite  general,  although 
not  absolutely  invariable.  The  association  of  sulphur  with  petroleum 
or  bituminous  matter  is  also  conmion. 


>  Annales  chim.  phys.,  4th  ser.,  vol.  16, 1869,  p.  234. 

«0p.clt.,p.  119. 

•  Other  examples  are  given  by  R.  Brauns.  Chemische  Mineralogie,  p.  366.  L.  Dieuiafait  (Compt. 
Rend.,  vol.  07, 1883,  p.  51),  has  suggested  that  polysulphides  of  calcium  and  strontium  may  assist  in  the 
formation  of  Sulphur  deposits. 

<  Bull.  Oeol.  Inst.  Upsala,  vol.  1,  No.  2, 1S93.  A  similar  inclusion  was  earlier  described  by  O.  Silvestri, 
<iau.  chim.  ital.,  vol.  12, 1882,  p.  2. 

f>  Bull.  Univ.  Texas  Mineral  Survey  No.  2,  1902.  See  al.'so  (J.  B.  Richardson,  idem, No.  fl,  1901,  p.  68. 
The  sulphur  deposits  of  Louisiana  are  described  by  L.  Baldacci,  II  giacimento  solflfero  deila  Loiiisiaiia, 
Rome,  1906. 

c  See  W.  T.  T.ee,  Bull.  U.  8.  Oeol.  Survey  No.  315, 1907,  p.  4«.    For  an  earlier  descripUon,  see  O. 
Rath,  Neues  Jahrb.,  1884,  Band  1,  p.  259. 
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CEUESTITE. 

Celestite,  the  sulphate  of  strontium,  SrSO^,  is  another  mineral  of 
the  sedimentary  rocks,  which  also  occurs  in  Sicily  with  the  gypsum 
and  sulphur.  It  is  one  of  the  most  characteristic  minerals  of  the 
Sicilian  deposits.  In  Monroe  County,  Michigan,  according  to 
E.  H.  Eraus  and  W.  F.  Hunt,^  the  celestite  is  found  disseminated 
through  dolomite,  and  the  upper  layer  of  the  rock  at  the  point 
especially  studied  contained  over  14  per  cent  of  the  strontiimi  com- 
pound. Below  this  layer  there  is  a  porous  stratum,  with  cavities 
containing  celestite  and  free  sulphur.  The  latter  is  found  in  consid- 
erable quantities,  and  is  evidently  derived  by  reduction  from  the 
sulphate.  Ejraus  ^  has  also  reported  celestite  as  extensively  dissemi- 
nated through  dolomitic  limestone  near  Syracuse,  New  York.  At 
Put^in  Bay,  Lake  Erie,  the  limestones  contain  disseminated  celestite, 
and  caverns  exist  which  are  lined  with  crystals  of  that  mineral.* 
The  celestite  here  has  evidently  been  leached  out  from  the  surround- 
ing rocks  and  redeposited  in  the  cavities.  Although  strontium  sul- 
phate is  much  less  soluble  than  gypsum,  it  is  more  soluble  than 
calciimi  carbonate,  and  therefore  it  may  be  dissolved  away  from  the 
latter.  In  Transylvania,  according  to  A.  Koch,*  celestite  and  barite 
occur  together  in  bituminous  limestone.  H.  Bauerman  and  C.  Le 
Neve  Foster  *  report  celestite  in  a  nummuhtic  limestone  in  Egypt,  and 
the  crystals  sometimes  inclose  fossil  remains.  It  also  appears  as 
filling  the  interior  of  fossil  shells,  especially  the  chambers  of  nautili. 
At  Condorcet,  in  France,  as  described  by  Lachat,  celestite  is  found 
associated  with  gypsum  in  limestone." 

The  original  source  of  the  strontiiun  is  undoubtedly  in  the  igneous 
rocks,  of  which  it  is  one  of  the  commoner  minor  constituents.  It  is,^ 
however,  found  in  the  ocean  tipd  in  other  natural  waters,  which  serve 
as  a  secondary  source.'  From  such  waters  its  compounds  can  be 
deposited  directly,  and  they  are  also  absorbed  to  some  extent  into 
the  skeletal  parts  of  marine  organisms.  Strontium  has  been  detected 
in  the  ashes  of  seaweeds,  and  O.  Vogel®  has  found  it  spectroscopically 
in  corals  and  moUuscan  shells.  O.  Butschli^  has  also  found  the 
skeleton  of  a  radiolarian,  PodddindiuSy  to  consist  almost  entirely^ 
of  strontium  sulphate,  a  unique  observation.     From  evidence  of  this 

»  Am.  Jour.  Sd.,  4th  ser.,  vol.  21, 1906,  p.  237.  See  also  W.  H.  Sherzer,  idem,  3d  ser.,  vol.  50, 1895,  p.  246, 
and  Michigan  Geol  Survey,  vol.  7,  pt.  1, 1900,  p.  208. 

>  Am.  Jour.  Sci.,  4th  ser.,  vol.  18, 1904,  p.  30.  On  celestite  deposits  in  CaliXornia,  see  W.  C.  Phalen,  BulL 
U.  S.  Geol.  Survey  No.  540, 1914,  p.  521. 

•  Kraus,  Am.  Jour.  Sd.,  4th  ser.,  vol.  19, 1905,  p.  286. 
«  Min.  pet.  Mitt.,  vol.  9, 1888,  p.  416. 

•  Quart.  Jour.  Qeol.  Soc.,  vol.  25, 1869,  p.  40. 

•  Amiales  des  mines,  7th  ser.,  vol.  20, 1881,  p.  557. 

'  See  ante,  p.  181,  for  the  analysis  of  a  brine  rich  In  strontium. 
B  Zeitschr.  axKNrg.  Chemi«,  vol.  5, 1894,  p.  55. 

•  Naturwiss.  Wochenschr.,  vol.  6, 1907,  p.  430.    From  Deutsch.  Budpol.  Exped.,  Bd.  9,  Heft  4. 
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kind  J.  V.  Samoilov  ^  has  suggested  the  possibility  that  some  deposits 
of  celestite  may  be  of  ot^anic  orig^in,  although  no  specific  instance  of 
such  a  process  is  actually  known.' 

The  carbonate  of  strontium;  strontianite,  is  also  deserving  of  men- 
tion here.  At  one  locality  near  Barstow,  California^  a  deposit  of 
commercial  importance  exists,  which  has  been  described  by  A. 
Knopf.*  He  regards  it  as  having  been  formed  by  the  replacement 
of  limestone  through  the  agency  of  water  carrying  strontium  in 

solution. 

BARTTE. 

Barite,  barium  sulphate,  BaS04,  ^  closely  akin  mineralogicaUy 
to  celestite,  but  is  more  oharactertstically  found  in  metalliferous  veins 
than  in  bedded  f  ormaticHis.^  Its  occurrence  as  a  oem^it  in  sandstones 
has  already  been  noticed,^  and  it  has  also  been  observed  as  a  sinteiy 
or  even  stalactitio  deposit  from  spring  and  mine  waters.* 

P.  P.  Bedson  ^  foimd  barium  to  be  present  in  notable  amounts  in 
an  English  colliery  water;  and  T.  RichardscHi  *  has  described  a 
deposit  of  barite  from  a  similar  solution.  Lake  deposits  from  other 
English  collieries  have  been  reported  by  F.  Clowes,'  who  analyzed 
samples  containing  from  81.37  to  93.35  per  cent  of  BaSO^.  The 
pipes  carrying  water  from  the  mines  which  jrielded  these  sediments 
were  often  choked  by  them,  the  barium  sulphate  being  rarely  absent 
and  frequently  Hieir  chief  constituent.  At  Doughty  ^>ringB,  in 
Delta  County,  Colorado,  according  to  W.  P.  Headden,^®  large  meases 
of  sinter  have  formed,  consisting  at  some  points  of  nearly  pure 
barium  sulphate,  which  at  other  points  is  mixed  with  minor  to  domi* 
nant  quantities  of  calcium  carbonate.  Barytio  sinters  are  also  formed 
by  a  brine  spring  in  a  mine  at  Lautenthal,  in  the  Hartz  Mountains, 
and  these  have  been  carefully  studied  by  G.  Lattermann.^^  In  tins 
case  they  are  precipitated  by  the  mingling  of  the  sulphate-bearing 
mine  waters  with  the  brine  from  the  spring.  Lattermann's  analyses 
of  the  two  waters,  as  stated  by  him  in  grams  per  liter,  are  as  follows: 

»  Minenlog.  Mag.,  voL  18, 1«7,  p.  87. 

*  For  a  long  pap«r  on  cekwUtc,  with  many  references  to  t^  litenature,  soe  K.  AiKir^%  Nmies  JaJirb., 
Reil.  B<1.,  vol.  36, 1914,  p.  373. 

•  Boll.  U.  8.  Geo!.  Bwmj,  No.  580,  W18,  pp.  257-270  (Bull.  om-l). 
4  See  L.  DieulaCait,  Campt,  Band.,  vol.  97, 1883, p.  51. 

'"  Soe  ante,  p.  536. 

c  For  the  distribution  of  harium  in  waters,  etc.,  see  E.  Delkeskamp,  Kotizbl.  Ver.  £rikunde,4thser., 
Hoft  21 ,  1900 .  i>p.  47-83.  On  the  distribution  of  Imrium  and  slrontinm  in  sedimentary  rorks,  see  L.  Conot, 
('ompt .  Rend. ,  vol.  141, 1905,  p.  832. 

'  Jour.  Soe.  Chem.  Ind.,  vol.  6, 1887,  p.  712. 

"  Rcpt.  Brit.  Assoc.,  1863,  p.  54. 

»  Proc.  Roy.  8oc.,  vol.  46, 1889,  p.  368. 

">  Proc.  Colorado  Sci.  Soe.,  vol.  8,  I9(y>,  p.  1. 

»  Jahrb.  K.  preusg.  geol.  Landesanstalt,  1888,  p.  259.  Asimilar  deposit  of  Ixirium  and  strontium  sulphatM 
from  an  English  mine  water  is  described  hy  J.  T.  Dunn,  Chem.  News,  vol.  Xi,  1877,  p.  140. 
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Analyses  of  spring  and  mine  waters  at  Lautcnthal. 


BaCU. . 
CaCU. 

nSci!  . 

KCl... 
MgSO^ 
ZnSO^ . 


spring. 


0.318 

.899 

10. 120 

4.360 

68.168 

.458 


Mine  water. 


1.515 

.023 

4.533 


.652 
.015 


The  barytic  deposits  from  these  waters  contani  strontium,  and 
appear  in  several  forms — as  stalactites,  as  mud,  and  as  incrustations. 
Analyses  of  them  by  Femdndez  and  Bragard  show  the  subjoined 
proportions  of  the  two  principal  ingredients.* 

Barium  and  gtroniium  sulphaUs  in  deposits  at  Lautenthal. 


BaSO^. 


White  stalac. 
tites. 


Brown  stalac- 
tites. 


Mad. 


84.81 
12.04 


83.88 
8.64 


82.3 
13.4 


Crusts. 


92.44 
4.32  • 


Similar  mixtures  of  the  two  sidpbatcs  intermediate  between  barito 
and  oelestito  are  well  known  in  crystalline  form,  and  calcium  sulphate 
is  often  present  also.  A  remarkable  banded  barite,  from  Pettis 
County,  Missouri,  described  by  C.  Luedeking  and  H.  A.  Wheeler,* 
had  the  following  composition: 

Analysis  of  barite  from  Pettis  County,  Missouri. 
BaSO. 87.2 


SrS04 

CaSO^ 

(NH,)2S0,. 


HjO. 


10.9 

2 

2 

2.4 

100.9 

The  presence  of  an  ammonium  salt  in  such  a  mineral  is  most 
unusual. 

Barite  often  assumes  nodular  or  concretionary  forms.  J.  V. 
Samoilov,^  who  has  described  many  Russian  localities,  found  the 
mineral  in  characteristic  nodules  embedded  in  Jurassic  marls  or  clays. 
Ha  also  cite«  several  instances  in  which  granules  of  barium  sulphate 

1  Complete  analyses  are  given  in  the  original  memoir  by  Lattermazm. 

«  Am.  Jour.  Sci. ,  3d  sor. ,  vol.  42, 1891 ,  p.  495.  The  presence  of  ammonium  salts  was  Independently  verified 
by  tests  in  the  laboratory  of  the  United  States  (loological  Sur^'ey. 

•  Mlneralog.  Mag.,  vol.  IS,  1917,  p.  87.-  On  barite  concretions  ("barite  dollars")  in  Nebraska, se©  I,^. 
Burnett,  Nebraska  deol.  Survey,  vol.  7,  pt.  15, 1916,  p.  105. 
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were  found  in  the  bodies  of  rhizopods,  and,  as  in  the  case  of  celestite, 
he  suggests  the  possibility  that  some  deposits  of  barite  may  be  of 
organic  origin.  The  nodules  of  barite  dredged  up  from  the  bed  of  the 
ocean  near  Colombo,  Ceylon,  are  possibly  of  that  character.* 

Nearly  or  quite  all  of  the  occurrences  of  barite  indicate  that  it  is  a 
mineral  of  aqueous  origin.  It  may  form  as  a  direct  deposit  from 
waters,  or  as  a  precipitate  when  different  waters  commingle,  or,  as 
C.  W.  Dickson  *  has  shown,  by  a  reaction  between  solutions  of  barium 
bicarbonate  and  gypsum.  Barium  sulphate  is  also  produced,  accord- 
ing to  Dickson,  when  the  bicarbonate  solution  is  brought  into  contact 
with  oxidizing  pyrite;  and  its  presence  in  limestones  is  attributed  to 
a  possible  coincidence  of  the  two  reactions.  The  oxidizing  pyrite  is 
first  instrumental  in  transforming  calcium  carbonate  to  sulphate,  and 
the  latter  then  undergoes  double  decomposition  with  the  percolating 
barium  solutions.  The  original  source  of  the  barium  is  in  the  feld- 
spars and  micas  of  the  crystalline  rocks,  from  which  it  is  dissolved  out 
during  the  ordinary  process  of  weathering. 

One  very  different  occurrence  of  barite  remains  to  be  mentioned. 
In  the  Salom  district  of  India  T.  H.  Holland  ^  foimd  a  remarkable 
network  of  veins  consisting  of  quartz  and  barite,  with  about  70  per 
cent  of  the  first  mineral  and  30  of  the  second.  These  veins  are 
mostly  in  pyroxenic  gneiss,  and  one  cuts  a  dike  of  augite  diorite, 
and  Holland,  for  structural  reasons,  regarded  the  quartz-barite  rock 
as  a  segregation  from  the  original  magma.  This  supposition,  how- 
ever, is  chemically  improbable.  In  a  molten  state  quartz  (or  free 
sihca)  would  react  upon  barium  sulphate,  to  form  a  silicate  and  set 
sulphuric  acid  or  sulphur  dioxide  free.  Quartz  and  barite  are  mag- 
matically  incompatible.* 

Various  syntheses  of  crystalline  barite  are  on  record.  One  of  the 
latest  by  Hilda  Gebhart*  is  worth  noting.  Solid  barium  chloride 
was  covered  by  a  layer  of  gelatinous  silica,  over  which  a  solution  of 
a  sulphate  was  placed,  and  the  apparatus  was  allowed  to  stand  undis- 
turbed for  eight  or  nine  months.  By  slow  diffusion  of  the  sulphate 
through  the  intervening  siliceous  jelly  definite  crystals  of  barite  were 
formed. 

*  See  £.  J.  Jones,  ante.  p.  134. 

*  School  of  Mines  Quart.,  vol.  23, 1902.  p.  366. 

>  Rec.  r.eol.  Survey  India,  vol.  30, 1897,  p.  236.  See  also  L.  T..  Fermor,  Rec.  Geol.  Sun*ey  India,  vol.  42, 
1912, p.  226. 

«  On  the  genesis  of  barite  see  an  important  paper  by  0 .  B.  Trener,  Jahrb.  K.-k.  geol.  Reicbsanstalt,  vol. 
63,  1908,  p.  387.  This  paper  contains  abundant  literature  references.  On  thQ  barite  deposits  of  Virginia, 
see  T.  L.  Watson,  Bull.  Am.  Inst.  Min.  Eng.,  1907,  p.  953.  On  barite  In  Missouri,  W.  A.  Tarr,  Univ.  Mis- 
souri Studies ,  vol .  3,  No.  1 ,  1918.  On  the  bcurite  of  the  Hartz  Mountains,  G .  Bentx,  Zeitschr.  pcakt.  Geologie, 
vol.  22, 1914,  p.  281. 

b  Min.  pet.  Mitt.,  vol.  29, 1910,  p.  186. 
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FLUORITE. 

Fluorite  or  fluorspar,  calcium  fluoride,  CaF,,  is  also  a  common 
mineral  in  dolomites  and  limestones/  and  it  is  often  associated  with 
galena  and  zinc  blende.  Crystals  of  it  are  found  in  limestone  geodes, 
where  it  has  evidently  been  deposited  from  8ol\ition.  In  some  cases 
it  may  have  been  formed  by  fluoride  solutions  percolating  through 
and  replacing  hmestone.  Its  commonest  occurrence  is  as  a  fiUing  of 
veins.* 

>  See  ante,  p.  331 ,  for  an  account  of  fluorite  as  a  rock-forming  mineral .  Also  p.  539  for  flu<Hite  as  acement 
in  sandstones.  For  an  exhaustive  memoir  on  fluorite  in  sediments,  see  K.  Andrte,  Min.pet.  liitt.,  vol. 
28, 1909,  p.  585. 

*  For  a  description  of  the  great  fluorspar  deposits  in  Kentucky  and  southern  Illinois  see  8.  F.  Emmons, 
Trans.  Am.  Inst.  Min.  Eng.,  vol.  21, 1883,  p.  31;  H.  F.  Bain,  Bull.  U.  8.  Qeol.  Survey  No.  255, 1905;  E.  O. 
ITlrich  and  W.  8.  T.  Smith,  Prof.  Paper  U.  8.  Geol.  Survey  No.  39, 1905;  and  F.  J.  Fohs,  Econ.  Geology, 
vol.  5,  1910,  p.  877.  On  the  fluorspar  of  Derbyshire  see  W.  M.  Egglestone,  Trans.  Inst.  Min.  Eng.,  vol. 
35,  1908,  p.  236;  and  C.  B.  Wedd  and  O.  C.  Drabble,  idem,  p.  501.  The  latter  paper  contains  a  good 
bibliography.  On  the  fluorspar  of  San  Roque,  Cordoba,  Argentina,  see  J.  Valentin,  Zeitschr.  prakt. 
Geologic,  1896,  p.  104. 


CHAPTER  XIV. 

METAMORPHIC  ROCKS. 

METAMORPHIC  PROCESSES. 

In  its  widest  sense  the  adjective  metamorphic  may  be  applied  to 
any  rock  that  has  undergone  any  sort  of  change.  Practically,  how- 
ever, it  is  used  to  desmbe  a  well-defined  class  of  rocks  in  which  the 
transformation  fiom  an  original  form  has  been  nearly  complete.  A 
slightly  altered  igneous  or  sedimentary  rock  is  not  commonly  called 
metamorphic;  neither  is  a  mass  of  decomposition  jnroducts  so  desig- 
nated. The  gneisses,  the  schists,  quartzite,  marble,  and  serpentine 
are  the  most  familiar  examples  of  metamorphism,  and  in  each  case 
an  antecedent  rock  has  been  changed  into  a  new  rock  by  one  or  sev- 
eral ^mong  many  different  processes.' 

Some  varieties  of  metamorphism  are  entirely  physical  or  structm*al, 
and  therefore  will  not  be  considered  in  this  memoir.  Metamorphoses 
which  represent  only  a  development  of  slaty  or  schistose  structure 
are  of  this  kind.  In  most  cases,  however,  metamorphism  is  accom- 
panied l)y  chemical  changes,  which  are  indicated  by  the  production 
of  new  minerals,  and  this  sort  of  metamorphism  concerns  us  now. 
It  may  be  regional,  when  large  areas  are  aflFectcd,  or  a  phenomenon 
limited  to  a  contact  between  two  reacting  rocks,  but  these  distinc- 
tions are  of  little  significance  chemically.  The  chemical  phases  of 
the  process  are  all  that  we  need  to  consider  at  present. 

The  reactions  involved  in  metamorphism  are  not  difficult  to  classify. 
The  following  changes  are  probably  the  most  important: 

1.  Molecular  rearrangements,  as  in  the  process  of  uralization, 
when  a  pyroxene  rock  is  changed  into  one  characterized  by  amphibole. 

2.  Metamorphism  by  hydration.  The  conversion  of  a  peridotite 
or  pyroxenite  into  serpentine  is  a  case  of  this  kind,  although  some- 
thing more  than  simple  hydration  is  involved  in  the  change. 

3.  Metamorphism  by  dehydration.  The  change  of  limonite  to 
hematite  and  of  bauxite  to  emery  are  good  examples.  Alterations 
of  this  class,  however,  are  often  more  profound  than  dehydration 
alone  can  account  for,  especially  when  they  take  place  at  high  tem- 
peratures. Then  the  molecules  of  hydrous  minerals  may  be  broken 
down,  as  when  serpentine  breaks  up  into  olivine  and  enstatite,  or  talc 
into  a  metasilicate  and  quaitz. 

I  On  the  applicaticn  of  physicochemical  methods  to  problems  of  metamorphism,  seo  J.  Johnston  and 
P.  Ni?(5li,  Jour.  Geology,  vol.  21,  pp.  481, 588, 1913".  The  paper  is  essentially  theoretical,  with  few  references 
to  specifically  geologic  phenomena. 
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4.  Oxkiatioi^  and  reductions,  which  affect  chiefly  the  iron  oxides 
of  the  rocks.  Ferrous  eompouuds  become  ferric,  aad  h^Bm&tite,  on 
the  other  hand,  may  be  reduced  to  magnetite. 

5.  Changes  other  than  hydration,  produced  by  percolating  soiu- 
lions.  Cementation  m  one  process  of  this  kind,  and  the  change  from 
sandstone  to  quartzite  is  a  common  example  of  it.  In  other  processes 
the  solutions  effect  chemical  transformations,  and  develop  new  cmn- 
poonds.    The  dolomitization  of  limestone  is  a  ease  in  point. 

6.  Metamorphism  by  the  action  of  gases  and  vapors,  the  80-<^ed 
'mineralizing  agents."  These  agents  gGQ&ctLte  new  minerals  within 
a  roek,  and  like  solutions  introduce  new  eoostituents. 

7.  Metamorphism  by  igneous  intrusions.  This  heading  covers  the 
changes  due  to  the  intrusion  of  molten  matt^  into  or  between  rock 
masses,  whereby  a  dass  of  ^^contact  minerals"  is  formed. 

Although  tlus  classification  is  simple,  it  is  only  superficially  so. 
It  is  useful  as  a  matter  of  convenience,  but  its  application  to  concrete 
examples  of  metamcnrphism  is  not  always  easy.  Two  or  more  proc* 
esses  may  operate  simultaneously,  or  they  may  shade  into  one  an- 
otheTf  with  all  sorts  of  variations  in  detail  due  to  variations  in  tem- 
perature and  pressure.  All  of  these  considerations  must  be  borne  in 
mind  in  dealing  with  the  actual  phenomena  of  metamorphism.  The 
ideal  simplicity  is  not  often  found. 

In  the  study  of  metamcurphic  phenomena  the  conceptions  developed 
by  C.  £.  Van  Hise  ^  are  also  helpful.  Van  Hise  divides  the  iitho- 
sphere  into  two  zones — an  upper  zone  of  katamorphism  and  a  lower 
oi  anamorphism.  The  zone  of  katamorphism  is  furthermore  sub- 
divided into  two  belts — one  the  belt  of  weathering,  the  other  that,  of 
c^nentation.  These  approximately  concentric  shdiis  are  character- 
ized by  definite  chemical  differences,  which  may  be  briefly  sum- 
marized as  follows: 

The  uppermost  shell  of  all,  the  belt  of  weathering,  extends  from 
the  surface  of  the  ground  to  the  level  of  the  ground  water,  and  its 
thickness  is  very  variable.  It  is  essentially  the  region  of  rock  decom- 
position, and  its  reactions  are  mainly  those  of  hydration,  oxidation, 
absorption  of  carbonic  acid  with  liberation  of  ailica,  and  losses  of 
mat^ial  by  leaching.  It  is  also  a  region  of  low  pressure,  relatively 
k)W  temp^ature,  and  great  porosity.  In  it  the  complex  silicates 
are  broken  down  into  simple  compounds,  from  which,  within  the 
belt,  they  are  rarely  regenerated. 

The  belt  of  cementation  is  that  which  contains  the  ^ound  water. 
Its  rocks  are  more  or  less  porous  and  fractured,  its  temperature  is 
still  not  high,  but  the  pressure  is  great  enough  to  play  an  important 
part  in  the  reconsolidation  of  sedimentary  material.  It  is,  in  short, 
the  birthplace  of  such  rocks  as  shales  and  sandstones.     In  the  belt 

»  A  tnatisj  on  metamorphism:  Mon.  I'.  8,  G«ol.  axjrve^,  v^\.Q,\^*A- 
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above  it  solution  is  a  leading  process,  hut  here,  in  the  aceomHlated 
ground  water,  redeposition  rules.  Hence  its  name,  the  belt  of  o^nen* 
tation. 

In  the  zone  of  anamorphism,  which  lies  below  the  re^on  of  the 
ground  water,  the  rocks  are  no  longer  distinctly  porous.  The  pres- 
sure above  them  tends  to  close  up  all  pores  and  fractures.  The  tem- 
perature is  also  relatively  high — that  is,  below  the  melting  point  of 
the  rocks,  but  possibly  above  the  critical  temperature  of  water. 
Under  those  conditions  the  reactions  of  the  upper  zone  are  reversed. 
Instead  of  hydration,  there  is  dehydration;  reduction  is  more  com- 
mon than  oxidation;  carbonates  are  decomposed  and  silicates  are 
regenerated.  Pneumatolytic  reactions  are  characteristic  of  this 
region,  and  so  too  are  metasomatic  changes.  There  is  also  a  tendency 
to  the  development,  under  pressure,  of  the  heavier  and  denser  rock- 
forming  minerals,  and  of  the  species  which  contain  constitutional 
water,  fluorine,  or  boric  oxide.  Garnet,  stauroUte,  muscovite,  epi- 
dote,  and  tourmaline  are,  for  example,  typical  minerals  of  the  meta- 
morphic  rocks.* 

According  to  C.  R.  Van  Hise,  the  minerals  of  the  upper  zone  are 
those  which  are  formed  with  increase  of  volume  and  evolution  of 
heat.  In  the  lower  zone,  contraction  and  absorption  of  heat  occur. 
These  distinctions,  of  course,  are  general,  not  absolute,  and  should 
only  be  accepted  in  a  broad  way.  They  stand  for  prevaihng  tend- 
encies, to  which  many  exceptions  are  possible.  Nor  can  the  belts 
and  zones  be  rigorously  deUmited,  for  they  shade  into  and  even 
interpenetrate  one  another.  Material  formed  in  the  belt  of  weather- 
ing is  covered  up  by  sediments  and  presently  finds  itself  within  the 
belt  of  cementation.  Still  later,  covered  more  deeply,  it  may  pass 
into  the  zone  of  anamorphism.  So  also,  by  erosion,  a  part  of  the 
anamorphic  zone  may  be  uncovered  and  brought  within  the  realm 
of  weathering.  To  all  these  changes  chemical  changes  correspond, 
so  that  the  same  mass  of  material  can  be  metamorphosed,  in  opposite 
directions,  over  and  over  again.  A  clay  becomes  a  shale;  that  is 
transformed  into  a  schist  or  gneiss,  and  that  again  may  pass  back 
into  clay.  The  phenomena  of  decomposition,  of  reconsoUdation,  and 
of  recrystalUzation  form  parts  of  a  cycle  of  changes  which  are  recog- 
nized mainly  by  their  interruptions.  The  definite  products  to  which 
we  give  definite  names  represent  temporary  stoppages  or  periods  of 
slow  change  in  the  progress  of  the  cycle. 

In  both  zones  of  the  Uthosphere  water  is  the  chief  agent  of  chem- 
ical metaraorphism.     It  is  most  abundant  in  the  zone  of  katamor- 

»  According  to  0.  Spezia  (Atti  Accad.  sd.  Torino,  vol.  4r.,  p.  082;  and  Chem.  Abstracts,  vol.  6,  p.  2587, 
1912)  the  views  of  Van  Hise  relative  to  the  influence  of  pressure  are  untenable.  For  instanoe,  Umonite, 
held  for  8  months  under  a  pressure  of  8,000  atmospheres  was  not  dehydrated.  Neither,  under  7,000ataMe> 
phores,  was  aragonite  transformed  to  calcite.  For  a  general  discussion  of  the  effects  of  piea&me  on  the 
physical  and  chemical  relations  of  solids,  see  J.  Johnston  and  h.  II.  Adams,  Am.  Jour.  Sd.,  4tli  set,,  toL 
S5,  J913,  p.  205,    On  high  pressure  InvcstiKatlons  see  Johnston,  Jour.  Franklin  Inst.,  Jan.,  1917. 
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phi8m>  where  it  acts  mainly  as  a  liquid  and  fills  more  or  less  com- 
pletely the  pore  spaces  of  the  rocks.  In  the  zone  of  anamorphism 
water  is  much  less  abundant  and  operates  in  the  subcapillary  and 
intermolecular  spaces,  where,  because  of  the  higher  temperatures,  it 
is  probably  present,  at  least  for  the  most  part,  as  vapor.  At  a  depth 
of  about  10  kilometers  the  critical  temperature  of  water  is  likely  to 
be  reached,  and  its  chemical  activity  should  then  be  very  high.  The 
well-known  corrosive  action  of  superheated  steam  upon  glass  is  an 
illustration  of  this  point.  Even  when  the  water  is  still  liquid,  at 
temperatures  of  over  200**,  it  may  form  a  fluid  or  pasty  mass  with 
some  silicates,  as  shown  by  C.  Barus  *  in  his  experiments  upon 
aqueo-igneous  fusion. 

In  the  zone  of  katamorphism  the  water  is  moving  freely,  percolat- 
ing from  place  to  place.  In  the  lower  zone  its  mobility  must  be 
much  diminished,  so  that  on  a  given  particle  of  rock  it  acts  for  a 
longer  time.  It  may  appear  in  this  zone,  according  to  Van  Hise,  in 
three  ways — as  water  held  by  buried  sedimentaries,  as  water  liberated 
from  hydrous  compounds  by  heat  or  pressure,  and  as  magmatic  water 
contained  in  igneous  intrusions.  But  from  whatever  source  it  may 
be  derived,  its  chemical  functions  are  the  same.  It  acts  as  a  solvent 
upon  practically  all  the  rock-forming  minerals;  it  therefore  trans- 
fers matter  slowly  from  point  to  point  and  in  that  way  assists  in 
bringing  about  recrystallization.  In  so  doing  the  water  is  partly 
taken  up  into  the  molecules  of  new  compoimds,  such  as  staurolite, 
epidote,  mica,  and  tourmaline,  of  which  it  forms  a  constitutional 
part  and  from  which  it  can  only  be  expelled  at  temperatures  ap- 
proaching or  even  exceeding  a  red  heat.  Loosely  combined  water 
thus  becomes  fimdy  combined  water  and  ceases  for  the  time  being  to 
be  further  active.  A  reference  back  to  the  chapter  upon  rock-form- 
ing minerals  will  show  how  many  syntheses  have  depended  upon 
heating  the  constituent  substances  with  water  under  pressure.  The 
minerals  thus  formed  are  characteristic  of  the  zone  of  anamorphism, 
even  though  they  are  not  confined  to  it.' 

The  sediments,  as  a  rule,  contain  organic  matter.  When  they 
reach,  by  burial,  the  high  temperatures  of  this  zone,  the  organic 
matter  is  decomposed,  yielding  free  carbon,  carbon  dioxide,  nitrogen, 
and  water.  The  free  carbon  may  appear  in  the  metamorphosed  rocks 
as  amorphous  particles  or  it  may  be  recrystaUized  into  graphite;  the 
carbon  dioxide  may  escape,  working  its  way  slowly  upward,  or  it  may 

1  See  ante,  p.  291. 

t  In  addition  to  works  already  cited,  the  following  papers  which  have  appeared  dnring  recent  years  on 
hydrothermal  syntheses  deserve  notice:  £.  Baur,  Zeitschr.  anorg.  Oiemie,  vol.  72, 1011,  p.  119.  W.  T. 
Mailer  and  J.  Kdnigsberger,  Zeitschr.  angew.  Chemie,  vol.  25, 1912,  p.  1273, and  Zeitschr.  anorg.  allg.  Chemie, 
vol.  104, 1918,  p.  1.  P.  Niggli,  Zeitschr.  anorg.  Ghemie,  vol.  84, 1913,  p.  31.  O.  W.  Morey and  P.  NiggU,  Jour. 
-Am.  Qhwn.  Soc. .  vol.  35, 1913,  p.  1086.  M.  Schlaeppfer  and  P. HlggH,  Zdtschi.  aziorg.;Chemie,  voL  87, 1914, 
p.  52.    £.  A.  Stephenson,  Jour.  Geology^  vol.  24, 1916,  p.  180. 
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be  caught  and  incloeed  within  crystals  of  quartz  or  other  minerals. 
Inclusions  of  this  kind  are  conunon,  and  so  also  are  inclusions  of 
free  carbon. 

In  this  process  of  decomposition  the  organic  matter  of  the  sedi- 
ments acts  as  a  reducing  agent,  transforming  ferric  to  ferrous  com- 
pounds. When  magnetite  is  thus  formed  from  limonite,  the  reduction 
is  partial,  but  when  the  iron  compounds  of  a  clay  are  metamorphosed 
into  staurolite  or  tourmaline,  the  change  from  ferric  to  ferrous  is 
neariy  or  quite  complete.  It  must  not  be  assiimed,  however,  that 
organic  mutter  is  the  only  reducing  agent  during  motamorphism. 
We  have  seen  in  a  previous  chapter  that  hydrogen  may  be  either 
occhided  in  or  generated  from  heated  rocks,*  and  its  activity  as  a 
reducer  may  be  very  great.  But  on  this  point,  geologically  speakii^, 
there  is  little  positive  knowledge.  We  are  compelled  to  deal,  more 
or  less,  with  reasonable  inferences. 

By  the  action  of  the  heated  waters  much  silica  is  liberated,  which 
recrystallizes  iii  part  as  quartz.  Some  of  it,  however,  attacks  the 
limestdK^  of  the  biuied  sedimentaries,  liberating  carbon  dioxide  and 
forming  silicates,  such  as  woUastonite.  When,  however,  a  laige  mass 
of  fairly  pure  limestone  or  dolomite  reaches  the  anamorphic  zone,  it 
is  recr>'Stallized  into  marble.  This  change,  and  also  the  formation 
of  dolomite,  was  considered  in  detail  in  the  preceding  chapter,  where 
the  subject  was  perhaps  out  of  place.  Some  of  the  concomitant 
changes  will  be  discussed  later. 

One  great  distinction  between  the  two  zones  remains  to  be  noted. 
In  the  belt  of  weathering  the  transfer  of  matcriid  from  point  to  point 
both  by  mechanical  and  by  chemical  means,  is  a  conspicuous  feature. 
In  the  belt  of  cementation  the  mechanical  transfers  become  less  prom- 
inent, but  the  moving  waters  carry  much  matter  long  distances  in 
solution.  In  the  zone  of  anamorphism  the  mechanical  movements 
become  relatively  insignificant  and  the  chemical  changes  are  prac- 
tically effected  in  place — that  is,  the  chemical  movements  of  matter 
within  the  lower  zone  are  only  through  trifling  distances,  and  the 
transformations  are  effected  with  material  close  at  hand.  The  upper 
zone  is,  then,  emphatically  a  zone  of  mobility;  while  the  material  of 
the  lower  zone,  being  under  great  pressure,  is  comparatively  immov- 
able. I  speak  now,  of  course,  of  certain  kinds  of  movement;  the 
motions  of  the  earth's  crust,  its  upheavals  and  depressions,  the  dis- 
placing influence  of  igneous  intrusions,  etc.,  are  phenomena  of  a  dif- 
ferent order.  Neitb^  do  I  use  the  terms  movable  and  immovable 
in  any  absolute  sense,  for  they  have  only  a  relative  meardi^.  The 
freedom  of  motion  in  the  upper  zone  is  vastly  greater  than  in  llie 
lower;  and  because  of  that  fact  the  phenomena  of  the  two  zones 
become  strongly  contrasted. 

1  See  ante,  pp.  268  et  seq.,  for  the  experiments  of  Tilden.  Travcrs,  Gautier,  etc. 
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ClASSmCATION. 

The  classification  of  the  metamorphic  rocks  is  not  a  simple  matt^. 
TTie  criterion  of  structure  is  not  sufficiently  general,  and  that  of 
genesis  is  too  vague.  We  can  not  always  detemune  the  genesis  of 
a  given  rock,  and  when  we  are  able  to  do  so,  the  result,  for  purposes 
of  classification  may  be  unsatisfactory.  A  gneiss  can  be  derived 
from  an  igneous  rock  or  from  one  of  sedimentary  origin^  the  product 
being  sensibly  the  same  in  both  cases.  It  is  possible,  of  course,  to 
classify  these  rocks  on  the  basis  of  their  composition ;  but  here  again 
there  are  difliculties,  even  greater,  perhaps,  than  those  which  becloud 
the  classification  of  purely  igneous  material.^  Quite  dissimilar  rocks 
may  have  very  similar  composition.  In  fact,  no  single  classifica- 
tion covers  all  the  groimd;  for  the  phenomena  of  nature, do  not 
arrange  themselves  in  linear  sequence.  They  form  an  irregular  net- 
work of  interlacing  lines,  with  all  manner  of  intersections  and  fre- 
quent disturbances. 

Taking  all  of  the  difficidties  into  accoimt,  I  pr^er  to  study  the 
metamorphic  rocks,  so  far  as  may  be  practicable,  with  reference  to 
the  chemical  processes  which  have  governed  their  formation.  I  have 
already  stated  that  several  processes  may  take  part  in  a  single 
metamorphosis;  but  in  many  cases  one  process  predominates.  The 
conspicuous  process,  tiien,  gives  a  basis  for  classifying  cm*  data 
which  need  not,  however,  exclude  other  arrangements  for  other  pur- 
poses. The  method  supplements,  but  does  not  supplant  its  rirate. 
For  convenience  we  may  also  divide  the  metamorphic  rocks  into  tibree 
classes,  as  follows:  First,  those  derived  from  igneous  rocks;  second, 
those  of  sedimentary  origin;  tMrd,  rocks  formed  by  contact  reac- 
tions between  the  igneous  and  the  sedimentary. 

The  metamorphism  of  the  igneous  rocks  is  commonly  a  deep-seated 
phenomenon;  that  is,  its  conspicuous  examples  are  formed  in  the 
zone  of  anamorphism,  or  under  anamorphic  conditions.  Leaving 
mechanical  or  structural  changes  out  of  ccmsid^^tion,  its  conspicu- 
ous feature  is  of  the  order  of  a  molecular  rearrangement;  in  other 
words,  the  older  minerals  are  transformed  into  new  species,  some- 
times by  simple  paramorphism  and  sometimes  with  transfer  of 
material  from  one  molecule  to  another.  In  general,  as  F.  Becke' 
has  shown,  Hie  rearrangements  are  att^ided  by  decrease  of  volume, 
the  product  of  the  change  being  denser  than  the  original  material. 
For  example,  in  the  special  case  chosen  by  Becke,  the  plagioclase  and 

>  U.  Orabcnmann  (I>ie  KristaDinen  Sciiiefer,  Berlin,  vol.  1,  19D4;  vol.  %  1907)  bcs  stttnpled  to  inrraa 
diemicai  doasification  of  the  schists,  wlilch  reeembles  Osaziii*8  discosdon  of  the  Igneous  rodcs.   A  seeoad 
edition  of  Orubenmann's  book  in  one  vohuae  appeared  in  1910.    The  relemoes  In  this  work  am  to  thm^ 
first  edition.    On  metamorphic  rock  series  see  P.  Nisgli,  Min.  pet.  Mitt.,  toI.  31, 1912,  p.  i77.  See  also  C.K.' 
Ldthand  W.  J.  Mood,  Metamorphic  geology,  Neir  York,  1915:  XT,  J.  Miller,  BulL  Geat  fioc  AsMrlea, 
▼ol.  2S,  1917,  p.  451 ;  and  It.  A.  Daly,  idem,  p.  375.    Daly  gives  abtrndaat  referanoes  to  tttentme. 

*Neiies  Jahrb..  1896^  Band  7.  p.  182. 
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orthoclase  of  a  rock  containing  a  little  water  were  transformed  into 
a  mixture  of  albite,  zoisite,  muscovite,  and  quartz,  the  volume  reduc* 
tion  being  in  the  ratio  of  647.1:462.5,  a  loss  of  over  15  per  cent. 
A  number  of  similar  condensations  are  cited  by  U.  Grubenmann ; ' 
and  although  the  calculations  are  necessarUy  crude,  they  are  none 
the  less  conclusive.*  The  fact  that  they  are  exceptions  to  the  rule 
does  not  destroy  its  general  validity. 

From  a  mincralogical  point  of  view,  the  more  noteworthy  meta- 
mori)lioses  within  the  igneous  rocks  may  be  classified  under  the 
following  headings: 

1.  Change  of  pyroxene  to  amphibole. 

2.  Change  of  feldspar  to  mica. 

3.  Change  of  feldspar  to  zoisite. 

4.  Change  of  feldspar  to  scapolite. 

5.  Formation  of  epidote. 
G.  Formation  of  garnet. 

7.  Change  of  hornblende  to  chlorite. 

8.  Segregation  of  albite  from  plagioclaee. 

9.  Formation  of  serpentine. 
10.  Alteration  of  ilmenite. 

This  schedule  is  by  no  means  exhaustive,  for  many  other  minor 
changes  are  to  be  observed  in  the  metamorphism  of  igneous  rocks. 
Every  primary  mineral  that  they  contain  may  give  rise  to  secondary 
species,  and  these  represent  all  orders  of  transformation  from  the 
slightest  modification  to  the  complete  molecular  breaking  down 
which  is  seen  in  the  processes  of  weathering.  Decompositions,  how- 
ever, are  not  now  luider  discussion;  we  are  dealing  with  the  phe- 
nomena of  recrystallization  within  rock  masses,  excepting,  of  course, 
the  case  of  serpentinization,  which  is  a  process  of  a  different  order. 

URALITIZATION. 

The  alteration  of  pyroxene  rocks  into  hornblende  rocks  is  one  of 
the  best-established  metamorphoses.  The  hornblende  thus  produced, 
when  fibrous,  is  known  as  uralite,  and  the  change  is  called  luralitiza- 
tion.^  It  is  often  accompanied  and  complicated  by  other  changes, 
such  as  the  formation  of  epidote  or  zoisite,  and  it  may  also  be  coinci- 
dent with  the  development  of  a  schistose  structure.  Mediosilicic  and 
subsilicic  rocks,  like  gabbro  and  diabase,  are  thus  metamorphosed  into 
amphibolite  or  hornblende  schist.  An  excellent  example  of  this  sort 
of  change  was  foimd  by  J.  J.  H.  Teall*  in  a  dike  at  Scourie,  Suther- 

1  Die  Kristallinfln  Schiefer,  Berlin,  1904,  pp.  34-38.  Grabenmann's  data  are  taken  from  a  paper  by 
F.  Bcckc,  in  Compt.  rend.  IX  Cong.  gtel.  intemat.,  1903,  p.  553.  See  also  F.  Loewinson-Lessing,  Stndien 
tibor  die  Eruptivgestcine:  Compt.  rend.  VII  Cong.  g6oL  intemat.,  St.  Petersburg,  1897. 

>  For  a  tabulation  of  the  volume  changes  attending  the  altciation  of  minerals,  !%e  C.  R.  Van  Hise,  A 
treatise  on  metamorphism:  Mon.  U.  S.  Oeol.  Siyvoy,  vol.  47, 1904,  pp.  397-408. 

*  See  0.  11.  Williams,  Dull.  U.  S.  Geol.  Survey  No.  62,  1890,  p.  52,  for  a  full  discussion  of  Uiis  sqbject 
aooompanied  by  abundant  references  to  literature.    See  also  L.  Duparc  and  T.  Homung,  Compt.  Rend., 
vol.  139, 190t,  p.  223,  on  a  theory  of  uralitizatien. 
'  JiiiUsb  petrography,  1888^  p.  198;  also  in  Quail.  ?owi.  0«c\.  &oc.,nq\.  u,  1885, p.  137. 
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landshire,  Scotland,  where  a  dolerite  had  changed,  first  into  a  mas- 
sive hornblende-bearing  rock  and  later  into  a  schist.  The  following 
analyses  will  serve  to  illustrate  the  character  of  the  changes  thus 
produced: 

Analyses  of  pyroxene  rocks  he/ore  and  after  alteration, 

Aa.  The  plagioclase-pyroxene  rook  of  the  Scourio  dike. 

Ab.  The  derived  hornblende  schist.    Analyses  A  by  Teall,  loo.  dt. 

Ba.  Pyroxene  irom  the  renter  of  a  crystal,  Templeton,  Canada. 

Bb.  Intermediate  portkm  of  the  same  erystal. 

Be.  Homhtende  fuming  tlie  xim  of  the  cryital.  Analyses  D  by  B.  J.  Harrington,  Qeol.  Surrey  Canada, 
Rec.  of  I'rogross,  1^77-78^  p.  21  O. 

Oa.  DIallage  from  a  irabbfo,  Transvaal,  South  AfHca. 

Cb.  Uralite  from  alteration  of  the  dlaUa^  Analyses  C  by  P.  Bahms,  Ncues  Jahrb.,  Ben.  Band  7, 1S»1, 
p.  99. 
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That  the  change  from  pyroxene  to  uralite  or  ajnphibole  is  something 
more  than  a  paramorphism  these  few  analyses  clearly  show.  In  A 
there  has  been  oxidation  of  ferrous  to  ferric  iron,  in  B  a  loss  of  lime, 
and  in  C  a  loss  of  magnesia.  In  many  cases  uralitization  is  accom- 
panied by  a  separation  of  magnetite/  and  the  lime  removed  reappears 
as  calcite.  Epidote  is  also  a  common  product  during  the  process, 
which  must  vary  with  variations  in  the  composition  of  the  altering 
rock  and  of  the  individual  pyroxene.  Augite  thus  yields  hornblende 
or  actinolite;  diopside  may  change  into  tremolite,  and  from  the  soda 
pyroxenes  the  aluminous  glaucophane  may  be  derived.  The  com- 
position of  the  pyroxene  is  reflected  in  that  of  its  derivative,  but 
the  augite-homblende  change  is  the  most  common.^  Between  the 
original  igneous  rock  and  the  secondary  amphiboUtes  there  are  all 
possible  intermediate  gradations,  from  incipient  change  to  complete 
transformation.^ 

1  See  O.  Rom,  Zcitscbr.  Deutsoh.  geol.  Gesell.,  vol.  16, 1864,  p.  6;  K.  Svedmark,  Neues  Jahrb.,  1877,  p.  99. 

*  See  discussion  of  the  change  by  C.  IT.  Gordon,  Am.  Geologist,  vol.  34, 1904,  p.  40. 

*  On  the  transformation  of  basic  eniptives  into  amphibolite  see  A.  Lacroix,  Compt.  Rend.,  vol.  164, 
M17,  p.  969. 
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QIiADCIIPHANB  8CHI8TS. 

The  glaucophttie  schiBts  differ  {tobbl  the  amphibolites  in  that  thej 
ooDtain  tiie  soda  amphibole  mstead  of  hcHiibleiide.  H.  S.  Wash- 
ington ^  divides  these  rocks  into  three  classes,  namely,  q>idoie- 
glaucophane  schist,  mica-glaucophane  schist,  and  qnartz-glaucophane 
schist;  but  he  also  recognizes  the  fact  that  there  are  many  transi- 
tional varieties.  W.  H.  MelviUe,'  for  example,  has  described  a 
gamet-glaucophane  schist  from  Momit  Diablo,  Cafifomiay  and 
A.  Wichmann'  an  epidote-mica-glaucophane  schist  from  Celebes. 
A  zoisite-glaucophane  schist  from  Sulphiu:  Bank,  California,  is  also 
mentioned  by  G.  F.  Becker.*  It  consists  chiefly  of  glaucophane  and 
zoisite,  but  quartz,  albite,  sphene,  and  muscovite  are  also  present. 
Another  pock  from  Piedmont,  containing  glaucophane,  garnet, 
hornblende,  epidote,  mica,  and  sphene,  described  by  T.  G.  Bonnoy,' 
is  called  a  ^aueophane  edogite. 

Genetically,  the  glaucophane  rocks  differ  widely.  Some  of  them 
are  undoubtedly  derived  from  mediosilicic  or  subsilicie  igneous 
rocks;  oth^^  from  sedimentaries.  In  Greece,  for  example,  accord- 
ing to  R.  Lepsius,^  some  gjattcophane  schists  represent  gabbro  and 
others  are  metamorphosed  Cretaceous  shales.  The  epidote-glaueo- 
phane  schist  of  Anglesey,  Wales,  described  by  J.  F.  Blake,'  was 
originally  a  diorite,  and  in  this  rock  alterations  of  glaucophane  to 
chlorite  occur.  In  Piedmont,  as  described  by  S.  Franchi,'  there  are 
glaucophane  rocks  associated  with  amphibolite,  both  having  been 
derived  from  diabase.  In  Japan,  according  to  B.  Koto,'  the  meta- 
morphosed material  was  formerly  a  diabase  tuff,  and  the  glaucophane 
was  derived  from  diallage.  By  further  alteration  the  gjauoopjiane 
sometimes  passes  into  crocidolite.  And  on  Angel  Island,  in  San 
Francisco  Bay,  California,  a  glaucophane  schist  studied  by  F.  L. 
Ransome^^  has  been  devek^ed  from  a  radiolarian  chert,  probably 
by  contact  metamorphiam.  In  numy  cases  the  genesis  of  these 
rocks  is  obscure;  but  Washington  suggests  that  the  epidote-giauco- 

^  A  m.  Jour.  Sd.,  4th  ser.,  vol.  11,190 1,  p.  35.  This  memoir  is  a  very  complete  summary  of  our  knowledge 
up  to  Its  date  of  these  rocks.  It  contabis  many  analyses  and  abondant  reCeiences  to  Utez«tnia.  Seealae 
K.  Gobbeke,  Zeitschr.  Deutsch.  geoL  GeselL,  vol.  38, 1886,  p.  634;  U.  Grubenmazm,  Rosenbusck  "Fest- 
.".chriit, ' '  1906;  E.  H.  Nutter  and  W.  B.  Barber,  Jour.  Geology,  vol.  10, 1902,  p.  738;  and  J.  P.  BvaHh,  Ptoc. 
Am.  llkilos. Soc,  vol.  45, 1966^ p.  1®.  Thfilasttwopi^persFeUte to1dieslatioophanerQeka«IGattleiBla. 
other  noteworthy  papers  axe  by  E.  Murgod,  Bull.  Dept.  Geology  Univ.  California,  Tol.  4, 1906»  p.  3£9; 
L.  Milch,  Neues  Jahrb.,  Festband,  1907,  p.  348;  and  T.  J.  Woyno,  Nenes  Jahrb.,  Bail.  Band  33;  mi,  p.  136. 

s  Bull.  GeoL  &0C.  America,  toL  2, 1^  p.  41^. 

>  Neues  Jahrb.,  1893,  Band  2,  p.  176. 

<  Men.  U.  S.  GeoL  Survey,  vol.  11, 1888,  p.  104. 

&  Blineralog.  Mag.,  voL  7, 1887,  p.  1. 

« (Jcologie  von  Attika,  BerUn,  1893,  pp.  102, 133. 

?  Oool.  Blag.,  1888,  p.  125. 

»Bol.  Com.  gool.  Ital.,  vol.  26, 1895,  p.  192. 

•  Joirr.  Coll.  Sfd.  Japan,  vol.  1, 1886,  p.  85. 

»fl  Bull.  Dept.  Geology  Univ.  California,  vol.  1,  p. 
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phane  schists  represent  originally  gabbroid  magmas,  while  the 
quartz-glaucophane  schists  are  metamorphosed  quartzites  or 
quartzose  shales.  For  convenience  differences  of  origin  will  be 
disregarded  here  and  the  analyses  of  this  group  of  rocks  are  tabulated 
together,  as  follows: 

Analyses  of  amphibolitca  and  glaucophane  schists,^ 

A.  Ampliibolite  dike,  Palxoer  Center,  Massachusetts. 

B.  Amphibolite  bed,  Palmer  Center.  Analyses  A  and  B,  by  W.  F.  HQlebrand,  Bull.  IT.  S.  G«ol. 
Survey  No.  228, 1904,  p.  36. 

C.  Amphibolite,  Crystal  Falls  district,  Michigan.  Described  by  H.  L.  Smyth,  Hon.  IT.  8.  GeoL  Survey, 
vol.  36, 1899,  p.  397.  Analysis  by  H.  N.  Stokes.  Probably  derived  from  a  diabase  or  basalt.  Contains 
hornblende,  plagiodase,  biotite,  and  quaitc,  with  a  httle  rutilo  and  magnetite. 

D.  Epidoto-glaucophane  schist.  Mount  Diablo,  Calilomia.  Analysis  by  W.  H.  Melville,  Boll.  GeoL 
Soc.  America,  vol.  2, 1890,  p.  413.   Contains  garnets.   Possibly  derived  from  shale. 

£.  Oamet-glauoophane schist,  Bandon,  Oregon.  Analyzed  and  described  by  B.  8.  Washington,  Am. 
Jour.  Sci.,  4th  ser.,  vol.  11,  1901,  p.  35.  Contains  glaucophane,  epidoto  or  soisite,  garnet,  and  white 
mica. 

F.  Zoisite-glaocophane  schist.  Sulphur  Bank,  California.  Analysis  by  Melville.  Described  by  Q.  F. 
Becker,  Mon.  U.  S.  Qeol.  Suryey,  voL  13,  US8,  p.  104. 

G.  ^ca-glaucophane  schist,  Island  of  Syra,  Greece.    Analyzed  and  d&^cribed  by  Washington,  loc.  cit.. 
H.  Quartz-glauoophane  schist,  Fourmile  Creek,  Coos  County,  Oregon.   Analyzed  and  described  by 

Washington.   Contains  quartz,  glaucophane,  chlorite,  muscovitc,  and  garnet. 
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a  A  number  of  amphlbolites  from  Massachusetts  are  described  by  B.  K.  Emerson  in  Men.  U.  B.  OeoL 
Survey,  vol.  29, 1898.  For  analyses  see  also  Bull.  419,  ^910,  pp.  19-21.  These  ainnhibolites  are  regarded 
as  derived  from  argillaceous  limestones.  L.  Heuier  (Min.  peC  Mitt.,  vol.  22, 19(0,  t>.  SOS)  gives  several 
analyses  of  amphibolites  from  the  Tvrol.  See  also  a  table  of  analyses  in  Rosenbuscn.  Elemente  der  Ge- 
steinslehre,  p.  532.  See  also,  on  amphibolite,  F.  Becke,  Min.  pet.  Mitt.,  vol.  4, 1882. p.  286:  and  J.  A.  Idmb, 
Mitth.  Naturwiss.  Ver.  Steiermark,  1892,  p. 328.  Ippendescribe8"normalamDhiDoUte,''a]idalsoioisite, 
p3rroxene,  feldspar,  and  garnet  amphibolite.  On  amphibolite  produced  by  the  introaon  of  gninitvinto 
umestonesee  F.  D.  Adams,  Jour.  Geology,  vol.  17, 1909,  p.  1. 
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SERICITIZATION, 

The  conversion  of  feldspar  into  muscovite  is  one  of  the  cbminon- 
est  processes  of  metamorphism,  whether  of  igneous  or  of  sedimentary 
rocks.  In  many  instances  the  mica  produced  is  the  compact  or  fibrous 
variety  known  as  sericite,  which,  in  former  times,  was  generally  mis- 
taken for  talc.  The  so-called  talcose  schists  of  the  earlier  geologists 
have  proved  in  most  cases  to  be  not  talcose,  but  sericitic.^  The  iden- 
tity of  sericite  with  muscovite  was  finally  established  by  H.  Las- 
peyres '  in  1880,  and  since  then  its  occurrence  has  been  repeatedly 
investigated.  The  alteration  is  most  conspicuous  in  regions  where 
the  dynamic  metamorphism  has  been  most  intense — ^high  tempera- 
ture, the  chemical  activity  of  water,  and  mechanical  stress  all  work- 
ing together  to  bring  it  about.  Any  feldspathic  rock  may  undergo 
sericitization,  but  orthodase  rocks  furnish  the  most  typical  exam- 
ples. The  derivation  of  sericitic  schists  and  gneisses  from  granite, 
quartz  porphyry,  and  diabase,  and  also  from  arkose  and  clay  slate, 
has  been  repeatedly  observed.' 

Sericite  is  commonly  derived  from  orthoclase  or  microcline  as, 
suggested  above,  but  may  be  generated  from  plagiodase  feldspars 
also,  the  reactions  in  the  two  cases  being  different.  In  the  forma- 
tion of  muscovite  from  orthoclase  the  necessary  potassium  is  already 
present;  but  in  order  to  produce  muscovite  from  plagiodase  a  replace- 
ment of  sodium  by  extraneous  potassium  is  required.  In  either  case 
the  reaction  which  takes  place  may  be  represented  by  more  than  one 
equation,  although  it  must  be  admitted  that  the  formulation  is  purely 
hypothetical.  Until  the  processes  shaU  have  been  experimentally 
reproduced  the  equations  will  remain  doubtful. 

First,  orthodase  may  be  transformed  to  muscovite  by  the  addition 
of  colloidal  alumina  equivalent  in  composition  to  diaspore,  thus: 

KAlSijO,  -f  2A10.0H  =  KHjAljSisO,^. 

This  reaction  is  very  simple  chemically,  but  geologicaDy  improbable. 
It  requires  the  presence  of  solutions  containing  much  alumina,  and  it 
is  not  easy  to  see  whence  they  could  be  derived.  It  suggests,  however, 
a  possible  relation  between  the  formation  of  sericite  and  the 
alteration  to  bauxite,  a  possibility  which  deserves  further  investi- 
gation. 

A  second,  more  probable,  and  even  simpler  reaction  is  the  following: 

SKAlSiaOg  +  II^O  =  KH^jSigOjj  +  K^SiO,  +  5SiO,. 

1  See  a .  H.  Williams,  Bull.  U.  S.  Geol.  Survey  No.  62, 1890,  pp.  60-62,  for  historical  details. 

>  Zeitschr.  Kryst.  Min.,  vol.  4, 1879,  p.  245. 

*Sec  7.  Q.  Lehmann,  Untersuchungcn  Uber  die  Entstehung  der  altkrystallinischen  Schtoleqiertcine, 
Bonn,  18d4;  A.  Wichmann,  Verhandl.  Naturhist.  Ver.  preuss.  Rbeinlande  u.  Westfalcns,  voL  M,  1877,  p.  1;  A. 
von  Groddeck,  Neues  Jahrb.,  Beil.  Band  2, 1883,  p.  72;  C.  Schmidt,  idem,  Beil.  Band  4, 1888,  p.  428,  and 
C.  Benediclcs,  Bull.  Geol.  Inst.  Upsala,  vol.  7, 1904*5,  p.  27S.  In  Jahrb.  K.  preuss.  gficA.  LandflMiistiilt, 
1885,  pt.  1,  Von  Groddeck  describes  the  derivation  of  sericite  schists  from  clay  ^ates. 
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In  this  case  water  alone,  acting  on  orthodase  at  a  high  temperature 
and  under  pressure,  forms  muscovite,  free  silica,  and  potassium  sili- 
cate, the  last  compound  being  leached  away.  The  liberated  silica 
may  be  partly  removed  in  solution,  or  it  can  recrystallize  as  quartz, 
a  mineral  which  almost  invariably  accompanies  sericite  in  meta- 
morphic  rocks.  Furthermore,  the  analyses  of  sericite  usually  show  a 
small  excess  of  silica  over  that  contained  in  normal  muscovite.  A 
similar  reaction  with  albibe  should  yield  the  soda  mica  paragonite. 

A  modified  form  of  the  last  reaction  is  in  common  use,  which  in- 
volves the  introduction  into  the  equation  of  carbonated  water,  as 
follows : 

SKAlSiaO,  -f-  HjO + CO,  =  KH^AlsSisO.^  -f-  K^CO,  +  6SiO,. 

In  this  case,  however,  the  potassium  carbonate  would  dissolve  one 
molecule  of  the  liberated  silica,  forming  potassium  silicate  as  beford; 
The  COj  would  thus  be  set  free  again,  ready  to  assist  in  further  alter- 
ations of  feldspar.  Since  carbonated  waters,  both  of  meteoric  and 
of  deep-seated  origin,  are  very  abundant,  it  is  quite  possible  that 
this  regenerative  process  is  really  in  operation.  If  so,  the  reaction 
should  be  more  vigorous  than  when  water  acts  aione.  The  frequent 
association  of  calcite  with  sericite  is  an  indication  that  carbonated 
solutions  have  helped  to  produce  the  change.^  If  the  alteration  took 
place  in  presence  of  both  albite  and  orthoclase,  the  potassium  silicate 
would  probably  react  upon  the  former  mineral  or  upon  its  incipient 
decomposition  products,  so  that  muscovite  only,  without  paragonite, 
would  be  formed.  In  the  development  of  muscovite  from  plagio- 
clase  the  presence  of  potassium-bearing  solutions/  which  exchange 
alkalies  with  the  sodium  compounds,  must  be  assimied.  It  is  also 
probable,  as  shown  by  S.  Paige  and  G.  Steiger  *  that  fluorine  often 
plays  an  important  part  in  sericitization. 

OTHER  ALTERATIONS  OF  FELDSPAR. 

Apart  from  the  phenomenon  of  sericitization,  the  plagioclase  feld- 
spars undergo  a  nimiber  of  other  metasomatic  changes,  whose  records 
are  preserved  in  the  metamorphic  rocks.  Under  the  influence  of 
carbonated  waters  the  anorthite  molecule  may  be  decomposed,  with 
the  formation  of  calcite  and  the  separation  of  silica.  In  this  case  the 
albite  remains  as  a  finely  granular  aggregate,  the  so-called  ^'aibite 
mosaic,"  which  outwardly  resembles  quartz  and  with  which  quartz 
is  commonly  associated.^    When  the  lime  of  the  anorthite  is  not  com- 

*  Compare  W.  Lindgrcn,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  30, 1900,  p.  606,  In  reference  to  the  association 
with  calcite.  See  also  A.  F.  Rogers  (Econ.  Geology,  vol.  11, 1916,  p.  118)  on  the  hydxothermal  origin  of 
Kridte. 

sjepr.  Washington  Acad.  Sd.,  vol.  8, 1918,  p.  234. 

*  See  S:.  A.  Lossen,  Jahrb.  K.  preoss.  geol.  Landeaaostalt,  1884,  pp.  525-530,   8««.^JbM  Qi«'SL«NK'«SiAaBaaw^ 
Bull.  U.  S.  Geol.  Survey  No.  62, 1890,  p.  60. 
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pletely  removed,  it  goes  to  form  other  silicates,  such  as  epidote,  zois- 
ite,  or  actinolite.  The  latter  reactions  are  by  far  the  most  frcquwt. 
The  alteration  of  plagioclase  to  zoisite  is  exceedingly  common,  but 
it  is  rarely  complete.  As  a  rule  mixtures  of  zoisite  and  feldspar 
rcmam,  which  were  once  thought  to  represent  a  distinct  mineral  spe- 
cies and  to  which  the  name  saussurite  was  given.  The  mechanism  of 
the  change  is  obscure,  but  it  is  probably  a  double  decomposition 
between  the  albite  and  anorthite  molecules,  brought  about  by  the 
intervention  of  water.  The  feldspars,  however,  vary  in  composition; 
the  water  may  contain  other  reacting  substances  in  solution,  and  so 
the  reactions  are  complicated  in  many  ways.  The  following  equa- 
tion, which  is  plausible  but  not  proved,  represents  the  transforma- 
tion of  plagioclase  into  a  mixture  of  zoisite,  paragonite,  and  quartz, 
ft  mixture  that  sometimes  occius: 

Na  AlSijO.  +  4CaAl,Si,0,  -f  2H,0 = 

Albito.  Anorthite.         Water. 

2Ca,HAl,Si30i3  -f  HjNaAljSijOi^  +  2vSiO,. 
Zoiflite.  Paragonite.  Quartz. 

When  orthodase  molecules  are  present,  muscovite  will  be  formed; 
that  is  sericitization  and  saussuritization  may  go  on  together.  "With 
albito  in  excess,  the  saussurite  mixture  appears,  but  that  again  is 
variable.  It  may  contain  epidote,  scapolite,  or  garnet;  according 
to  A.  Cftthrein,*  saussurite  is  sometimes  derived  from  garnet;  and  all 
of  these  minerals  may  undergo  complete  or  partial  alterations  into 
other  compounds. 

Saussuritic  rocks  have  been  described  by  many  petrographers, 
and  there  is  abundant  literature  covering  them.  F.  Becke  *  reports 
a  saussurite  gabbro  from  Greece,  consisting  of  saussurite  and  dial- 
lage,  the  latter  partly  altered  to  hornblende.  P.  Michael  •  describes 
another  saussurite  gabbro  from  Germany,  in  which  garnet  is  also 
])resent,  derived  from  diallage  and  partly  altered  to  serpentine. 
Another  saussurite  gabbro  from  Sturgeon  Falls,  Michigan,  was  care- 
fully studied  by  G.  H.  Williams.*  It  contained  saussurite  derived 
from  the  complete  alteration  of  plagioclase,  diallage,  hornblende 
partly  secondary,  and  a  little  ilmenite,  with  some  calcite,  quartz, 
and  a  colorless  chlorite.  By  further  alteration  this  rock  passes  into 
a  silvery  schist,  consisting  mahily  of  chlorite,  calcite,  and  secondary 
quartz,  but  with  some  feldspars  remaining,  partly  sericitized.  A 
rock  designated  as  a  zoisite-honiblende  diorite,  from  the  Bradshaw 
Mountains,  Arizona,  described  by  T.  A.  Jaggar  and  C.  Palache,' 

>  Zeltschr.  Kryst.  MIn.,  vol.  10, 1885,  p.  U4. 
« Min.  pet.  Mitt,  vol.  1, 1878,  p.  247. 

*  Keues  Jahrb.,  1881,  Bond  1,  p.  32. 

*  Bull.  U.  S.  Geol.  Survey  No.  62,  1890,  pp.  67-76.  Another  saussuritized  gaT)bro  from  the  Upper 
Qiiinnesec  Falls  is  described  on  pp.  102-104.  On  pp.  58-<j0  Williams  gives  a  general  dlscuaakm  of  tiiit 
form  of  alteration ,  with  historical  details.   See  also  A.  Cathrdn,  Zeitschr.  Kryst.  Uln.,  vol.  7, 188»  p.  234. 

*  Bradshaw  Mountains  foUo  (No.  129),  Geol.  Atlas  U.  S.^U.  S.  Geol.  Surrey,  1905,  pp.  4-5. 
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contained  47  per  cent  of  zoisite,  derived  from  plagioclase,  17  per 
cent  of  actinoUte,  and  smaller  amounts  of  quartz,  orthoclase,  albite, 
chlorite,  kaolin,  and  magnetite.  The  following  analyses  of  zoisite 
rocks  were  made  in  the  laboratory  of  the  United  States  Geological 
Survey: 

Analyses  of  zoisite  rocH. 

A.  sturgeon  Falls  gabbro,  freshest  form. 

B.  Th«  same,  altered  form. 

C.  Silvery  schist  derived  from  Sturgeon  Falls  gabbro.   Analyses  A,  B,  and  C  by  R.  B.  Rigp. 

D.  Zoisite-homblende  diorito,  Bradshaw  Mountains.   Analysis  by  George  Steiger. 
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45.70 
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4.63 
3.89 
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.55 
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100.27 


100.28 
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45.73 

19.45 

5.28 

3.18 

6.24 

13.86 

.64 

.32 

1,57 

3.56 

.23 

.28 

Trace. 


100.34 


Tlie  scricitization  of  C  is  shown  by  the  loss  of  sodium  and  great 
increase  of  potassium.  The  Sturgeon  Falls  series  is  especially  in- 
structive as  illustrating  the  occurrence  of  several  alterations,  partly 
simultaneous  and  partly  successive,  in  the  same  rock  formation. 
Saussurite,  sericite,  and  uralite  are  all  represented. 

The  transformation  of  plagioclase  into  scapolite  is  by  no  means 
rare,  but  the  nature  of  the  process  is  not  always  easy  to  trace.  Scap- 
olite is  often  formed  by  contact  reactions  between  igneous  rocks  and 
limestones,  as  well  as  by  processes  resembling  that  of  saussuritiza- 
tion.  For  the  latter  change,  which  is  the  one  to  bo  properly  con- 
sidered now,  the  classical  example  is  furnished  by  the  spotted  gabbro 
of  Oedegaarden.  In  this  case  a  plagioclase-pyroxene  rock  has  been 
altered  into  a  scapolite-homblende  mixture,  a  rock  which,  according 
to  Fouqu6  and  L6vy,*  is  retransformed  on  fusion  into  pyroxene  and 
labradorite.  The  alteration,  then,  is  reversible  and  one  which  ought 
to  be  studied  quantitatively.  The  change  from  plagioclase  to  scapo- 
lite, as  investigated  by  J.  W.  Judd,*  is  probably  due  to  the  action  of 
sodium  chloride,  which  exists  in  solution  in  minute  inclusions  within 

>  Bull.  See.  min.,  vol.  2, 1879,  p.  113. 
•  «  Minemlog.  Mag. ,  vol.  8, 18S9,  p.  186.    Sec  also  A.  MIchel-Mvy,  Bull.  Soc.  min. ,  vol.  1, 1878,  pp.  43, 78.    A 
flfmllar  rock  from  Bamle,  Norway,  containing  spheno,  amphibolc,  and  wemerite,  is  also  described.    Other 
noteworthy  memoirs  on  tho  Scandinavian  rocla  of  tlii3  Class  iare  hy  A.  G.  Tdmebohm  and  E.  S^'edmacV^ 
Geol.  Forcn.  FOrhandl./vol.  6. 18S2,  p.  192;  vol.  7, 1^,  p.  293. 
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the  original  rock.  It  must  be  noted,  howe\rei,  that  the  Oedegaarden 
gabbro  is  in  contact  with  veins  of  chlorapatite,  from  which  some  of 
the  chlorine  essential  to  the  formation  of  scapolite  may  have  been 
derived. 

In  any  case,  the  conversion  of  plagioclase  to  sCapolite  requires  the 
addition  of  new  material.  The  scapolites,  as  shown  by  G.  Tscher- 
mak/  are  mixtures  of  two  end  species — meionite,  Csi^Al^iJO^  and 
marialite,  Na^AlsSi^O^^Cl.  These  may  be  derived  from  anorihite  and 
albite  in  accordance  with  the  following  empirical  equations: 

3CaAl^i,0,  -f  CaO  =  Ca^Al^ieO^. 
SNaAljSiaO, + NaO  =  Na^ljSi^O^a. 

In  order  to  change  an  ordinary  plagioclase  into  an  ordinary  scapo- 
lite, then,  lime  and  sodium  chloride  must  be  taken  up,  and  it  is  clear 
that  these  reagents  may  come  from  quite  dissimilar  sources.  The 
change  of  pyroxene  to  amphibole  may  furnish  the  lime  in  some  cases; 
apatite  may  yield  it,  with  chlorine,  in  others;  but  no  general  rule,^  no 
exclusive  group  of  reactions,  can  be  postulated.  The  widely  different 
conditions  under  which  scapolitization  may  take  place  have  been 
well  summarized  by  A.  Lacroix,*  whose  two  memoirs  upon  the  subject 
are  most  exhaustive. 

On  the  epidotization  of  plagioclase  feldspar  there  is  an  abundant 
ht^eiature.^  Since  epidote  and  zoisito  are  closely  analogous  in  chem- 
ical structure,  the  process  of  alteration  must  resemble  that  of  saus- 
suritization,  from  which  it  differs  in  detail.  Epidote  contains  iron, 
typical  zoisit^  does  not;  and  that  element  seems  commonly  to  be 
furnished  by  hornblende  or  pyroxene.  Feldspar,  augite,  hornblende, 
and  biotite  all  alter  into  epidote;  and  so,  too,  in  some  cases  apparently 
docs  chlorite.  The  derivation  of  epidote  from  chlorite  has  been 
observed  by  G.  F.  Becker  *  in  the  rocks  of  the  Comstock  lode,  and 
although  the  observation  is  questioned  by  some  authorities,  it  is 
not  disproved.  Qiemically,  it  is  not  improbable;  but  usually  the  two 
minerals,  chlorite  and  epidote,  form  simultaneously  from  a  common 

>  See  the  section  od  scapolite  in  Chapter  X,  p.  399,  ante. 

*  Bull.  Soc.  min.y  vol.  12, 1889,  p.  83;  vol.  14, 1891,  p.  16.  Lacroix  states  that  wemertte  gneisses  are  ve^ 
common.  I^Msroix  and  C.  Baret  (idem,  vol.  10, 1887,  p.  288)  describe  a  wernerite  pyroxenite.  Wenuolt^, 
it  will  be  remembered,  is  one  of  the  intermediate  scapoUtes.  See  also  H.  Wulf,  Min.  pet.  lOtt.,  vol.  8, 1887, 
p.  213,  on  a  scapolite-augite  gneiss  from  Herero  Land,  Africa;  and  F.  Becke,  idem,  voL  4, 1882,  p.  285,  on 
similar  rocks  from  Lower  Austria.  Scapolite  amphibolites  are  described  by  O.  Miigge,  Neues  Jiiilurb.,  BelL 
Band  4, 1886,  p.  583,  from  Ifasai  Land;  E.  Dathe,  Jahrb.  K.  preuss.  geoL  Landesanstalt,  1884,  p.  lxxvi,from 
Germany;  and  F.  D.  Adams  and  A.  C.  Lawson,  Canadian  Rec.  Sd.,  vol.  3,  1888,  p.  185,  from  Canada. 
Adams  and  Lawson  also  describe  two  scapolite  diorites.  The  scapolite  rocks  of  Dorfhem  Mew  Jersey 
briefly  described  by  F.  L.  Nason  (Ann.  R^t.  State  Geologist,  1890,  p.  33),  occur  as  dikes  in  crystalline 
limestone,  and  may  have  been  formed  by  contact  metamorphism.  C.  H.  Smyth  (Am.  Jour.  Sd.,  4th  ser.« 
vol.  1, 1896,  p.  273),  has  described  the  transformation  of  a  gabbro  into  a  gneiss  containing  pyroxene,  horn- 
blende, feldspar,  and  scapolite. 

'See  A.  Cathrein,  Zeitschr.  Kryst.  Min.,  vol.  7,  1883,  p.  247;  A.  Schenck,  Verhandl.  NaUuhist.  Ver. 
prouss.  Rheinlande  u.  WestCalens,  vol.  41, 1884,  p.  53;  and  G.  H.  Williams,  Bull.  U.  S.  GeoL  Bunpsy  No.eSf 
1890,  p.  5G,  for  summaries  of  the  earlier  observations. 

*  Mod.  U.  S.  Geol.  8urver»  vol.  3, 1882,  pp.  75,  76,  213.  Critidted  by  Williams  loc  dt.,  and  H. 
2>u5d!),  Neues  Jahrb.,  1884,  Band  2,  Ref.,  p.  189. 
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parent.  In  the  rocks  of  Leadville,  W.  Cross  ^  foimd  epidote  derived 
from  orthoclasO;  plagioclase,  biotite,  and  hornblende.  G.  H.  "Wil- 
liams '  observed  its  formation  as  a  contact  rim  between  feldspar  and 
hornblende  in  the  gabbro-diorite  near  Baltimore,  and  F.  D.  Chester  * 
described  similar  occurrences  in  Delaware.  In  some  of  Chester's 
specimens  the  epidote  contained  cores  of  feldspar. 

Epidotization,  then,  represents  a  reaction  between  the  feldspars 
and  the  ferromagnesian  minerals  of  a  rock,  and  when  it  is  complete 
a  mixture  of  quartz  and  epidote  remains.  Such  a  rock  is  known  as 
epidosite,  and  its  formation  has  been  many  times  recorded.  J.  Lem- 
berg^  describes  an  alteration  of  this  kind  from  augite  porphyry; 
and  Schenck^  reports  the  derivation  of  epidosite  from  diabase. 
Unakite  is  a  remarkable  rock  consisting  of  rose-colored  orthoclase 
and  green  epidote,  first  described  by  F.  H.  Bradley  •  from  western 
North  Carolina.  It  has  since  been  foimd  near  Milams  Gap,  Virginia. 
According  to  W.  C.  Phalen,^  who  has  studied  this  locahty,  the  una- 
kite is  derived  from  a  hypersthene  akerite,  or  quartz-diallage  syenite, 
and  it  contains,  in  addition  to  the  two  principal  minerals,  some 
quartz,  iron  oxides,  zircon,  and  apatite.  It  passes  into  epidosite  by 
further  alteration.  Epidote-quartz  rocks  from  New  Jersey  have  also 
been  briefly  described  by  L.  0.  Westgate.*  Here,  as  at  Milams  Gap, 
the  epidote  is  thought  to  be  derived  from  pyroxene. 

Garnet  is  a  common  mineral  of  the  metamorphic  rocks,  and  is  often 
indicated  in  their  nomenclature.  Garnet  gneiss,  garnet-mica  schist, 
garnet  homfels,  and  gamet-oUvine  rock  are  good  examples.  In 
these  rocks,  however,  garnet  is  commonly  an  accessory  mineral  rather 
than  a  main  constituent.  On  the  other  hand,  rocks  are  known  con. 
sisting  chiefly  or  largely  of  garnet,  and  one  of  these,  eclogite,  has 
been  the  subject  of  many  investigations.® 

Eclogite  is  essentially  a  rock  composed  of  red  garnet,  with  a  green 
pyroxene,  omphacite.  It  may  also  contain,  subordinately,  horn- 
blende, quartz,  zoisite,  kyanite,  and  muscovite,  with  zircon,  apatite, 
sphene,  epidote,  magnetite,  pyrite,  and  pyrrhotite  as  minor  acces- 
sories.*® According  to  J.  A.  Ippen,**  the  Styrian  eclogites  shade  into 
omphacite  rock  on  one  side  and  into  garnet  rock  on  the  other;  that 
is,  either  mineral  may  predominate  and  give  its  own  character  to 

1  Mon.  U.  S.  Oeol.  Survey,  vol.  12, 1886,  pp.  341, 357. 

*  BulL  U.  S.  Geol.  Survey  No.  28, 1886,  p.  31. 
s  Ball.  U.  S.  Geol.  Survey  No.  59, 1800,  p.  36. 

*  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  29, 1877,  p.  498. 

*  Verbandl.  Naturbist.  Ver.  preuss.  Rheinlande  u.  Westfalens,  vol.  41, 1884,  p.  53. 

*  Am.  Jour.  Sci.,  3d  ser.,  vol.  7, 1874,  p.  519. 

'  Misc.  Coll.  Smithsonian  Inst.,  Quart.  Issue,  vol.  1, 1904,  p.  301. 

*  Ann.  Kept.  State  Geologist  New  Jersey,  1895,  p.  30. 

*  See  Zirkel's  Lehrbueh  der  Petrographie,  2d  ed.,  vol.  3,  p.  369,  for  many  references.    The  papers  by  Lob- 
maim  and  Hetner,  cited  on  tbe  next  page,  also  contain  bibliograpbic«. 

M  See  R.  von  Drascbe,  Jahrb.  K.-k.  geol.  Reichsanstalt,  1871,  Min.  Hitt.,  p.  85,  and  K.  R.  Ricss,  Hin.  pet. 
MHt.,  vol.  1, 1878,  pp.  165, 181. 
u  l£itt.  Naturwiss.  Ver.  Stciermark,  1892,  p.  328. 
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iho  mixture.  The  ccl<^tes  of  the  lower  Loire,  accordiol^  to  A. 
Lacroix/  sometimes  contain  feldspar  formed  as  a  secondary  mineral 
during  the  uralitization  of  highly  aluminous  pyroxenes.  Lacroix 
shows  that  these  rocks  are  products  of  dynamometamorphism.  The 
crushing  and  fracturing  of  the  original  rooks  has  facilitated  the  cir- 
culation of  the  waters  to  which  their  alterations  are  due. 

L.  Hezner,*  who  studied  eclc^te  from  the  Oetzthal,  in  the  Tyrolese 
Alps,  regards  it  as  a  metamorphic  derivative  of  gabbroid  rocks.  By 
further  metamorphosis  it  passes  into  amphibolite,  the  eclogite  being 
the  deeper-seated  phase.  Tlie  garnet,  he  thinks,  was  formed  by  a 
reaction  between  plagioclase  and  olivine,  or  perhaps  between  plagio- 
clase  and  pyroxene.  Tlio  omphacite  alters  into  hornblende,  and  so, 
too,  does  the  garnet,  but  later.  First  eclogite,  Uien  garnet  amphib- 
olite, then  amphibolite,  is  the  order  of  these  allied  rocks.  Plagioclase 
also  appears,  as  observed  by  Lacroix,  among  the  products  of  altera- 
tion, together  with  epidote,  chlorite,  magnetite,  zoisite,  and  biotite. 

Tlie  following  analyses  of  epidote  and  garnet  rocks  are  from  the 
memoirs  alread v  cited : 

Analyses  of  e^^idote  and  garnet  rocks. 

A,  B.  Epidosite  derived  from  diabase,  upper  Ruhrthal,  Ocrmany .    Analyzed  and  descnbed  by  8rlicnrk< 

C.  Unakite,  Mllams  Gap,  Virglnin.    Analysis  by  Phalen. 

D.  Kclogito,  Siilctbal,  Styria. 

E.  Eclf^te,  Burgstein,  Rtyria.    Analyses  D  and  E  by  Ilezner. 


SiOo.. 
AlA. 

Feb... 

CaO.. 
NaoO. 
ILO... 

ino-. 
T102.. 

ZrOa.. 
FeSo.. 


B 


C 


'} 


42.13 
19.21 
11.19 
2.52 
.41 
21.42 

.08 
2.39 
1.40 


.08 


.25 


101.  37 


] 


50.26 

13.72 

9.18 

2.97 

2.20 

16.30 

.71 

1.12 

1.88 

1.60 


.39 


.26 


100.59 


58.32 

15.77 

6.56 

.89 

.09 

11.68 

.32 

4.01 

1.73 

Trace. 

.48 
.13 


} 


99.98 


D 


44.06 

17.63 

3.40 

9.96 

7.19 

11.58 

2.92 

.91 

.12 

.17 

2.29 


K 


46.26 

14.45 

4.41 

5.82 

11.99 

11.66 

2.45 

1.51 


1.10 
.28 


100.23 


99.93 


o  Not  separated  from  alumina. 


CHIjORITIZ  ATION . 

In  cliloritization  we  find  a  stage  of  metamorphism  which  is  nearly 
akin  to  decomposition.  Any  ferromagnesian  mineral  may  alter  into 
chloritic  material,  and  that,  by  further  change,  may  break  down  into 

1  Bull.  Soc.  sd.  nat.  de  I'Ouest  de  la  France,  vol.  1, 1»1,  p.  81. 

«  Min.  pet.  Mitt.,  vol.  22, 1908,  pp.  437, 505.  See  also  E.  Joukowsky,  Compt.  Rend.,  vol.  ISS,  IfW,  p.  1S12, 
on  alterations  of  eclogite  from  Lac  C^rEHi.  Other  vahnMe  papers  upon  eclogite  are  by  P.  Lohnmmi,  Kenes 
lahrb.,  1884,  Band  1,  p. 88;  and  F.  Bedce,  Mln.  pet.  Mtt.,  vol. 4, 1882,  pp. 317-822.  Eetefcites  ItamOiBftoilia 
have  been  described  by  R.  S.  Holway,  Jour.  Geology,  vol.  12,  1904,  p.  344,  and  J.  P. 
PhUo/f.  Soc.,  vol  45, 1906,  p.  183. 
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a  mixture  of  carbonates,  liznonite,  and  quartz.  The  gabbros  of  Michi- 
gan, described  by  G.  H.  Williams/  show  clearly  the  successive  steps 
of  uralitization  and  chloritization,  the  final  product  often  being  a 
chloritic  schist.  Diabase  and  diorite  are  often  chloritized,  gaining 
thereby  the  green  color  to  which  the  common  appellation  ''green- 
stone" is  due.  In  diabase  the  chloritic  substance  is  commonly 
derived  from  augite,  calcite  and  quartz  being  formed  at  the  same  time. 
The  alumina  needed  to  produce  the  chlorite  is  probably  furnished  by 
feldspar.^  Under  anhydrous  conditions,  as  we  have  already  seen, 
a  reaction  between  feldspars  and  fcrromagnesian  minerals  yields 
garnet;  possibly  the  formation  of  chlorite  is  similar,  but  effected  in 
presence  of  water.  The  alterability  of  garnet  into  chlorite  empha- 
sizes this  suggestion. 

The  chlorites  developed  in  rocks  of  igneous  origin  are  rarely  definite 
species.  They  are,  as  a  rule,  variable  mixtiures,  of  which  many  have 
received  specific  names.  Diabantite  and  prochlorite,  both  ferrifer- 
ousy  are  perhaps  the  most  common.  Because  of  this  vagueness, 
Rosenbusch  prefers  to  use  the  collective  term  ''chloritic  substance*' 
in  describing  the  products  of  this  class.  The  general  names  "viri- 
dite''  and  ''chloropite"  have  also  been  proposed;  the  one  by  II. 
Vogelsang,  the  other  by  C.  W.  Giimbel. 

CONSTITUTIONAL.  FORMULj^L 

Although  it  is  not  yet  possible  to  write  positive  reactions  for  all 
of  the  alterations  that  we  have  so  far  been  considering,  some  of  them 
are  partly  elucidated  by  the  structural  formuloe  of  several  minerals. 
A  number  of  these  species  are  curiously  alike  in  constitution,  and  with 
them  other  minerals,  not  specifically  studied  in  this  chapter,  may 
also  be  compared.  Taking  the  tripled  formulae  of  orthoclasc  and 
albite,  which  are  suggested  by  the  alteration  of  albite  into  marialitc, 
the  following  system  of  formula?  can  be  developed:  ^ 

Orthoclasc 1 Al3(Si308)3K3. 

Albite Al3(Si»0,)aNa3. 

Marialitc Al2(Si308),Na,(AlCl). 

Nephelite Al3(Si04)3Na3. 

Paragonite Ali(Si04)aNaH2. 

Muscovite Al8(Si04)3KH3. 

Topaz Al3(Si04),(AlF2),. 

Andaluaite Al,(Si04),(A10),. 

BioUte AlaCSiOJaMgjKH. 

Garnet Ala(Si04),CV 

Prehnite : AL,(Si04),Ca3H3 . 

Zoisite Al2(Si04)3Ca2(A10H). 

I  BuU.  U.  S.  Geol.  Survey  No.  62,  1890. 

«  See  O.  W.  Hawes,  Am.  Jour.  Sri.,  M  ser.,  vol.  9, 1875,  pp.  iflO,  451.  -Vlso  A.  SdiMick,  VeAcndl.  Natur* 
hist.  Ver.  pmissi.  Rheinlande  u.  Wesifalens,  vol.  41, 1884,  p.  74.  Chloritiiation  Is  fully  disrassed  by  SLoatxf 
busch  in  his  HikroskopisDho  Phjsioflirapbie  der  massicea  G^tcfaie,  2d  ed.,  vol.  2,  pp.  180-184. 

s  See  F.  W.  Clarke,  Bull.  U.  8.  Geol.  Stirvey  No.  588, 1014,  for  an  extended  diacussl<»>Qi\3Ddts%VsnBBA9w 


604 


DATA  OF  GfiOCHEMISIItT. 


Epidote  resembles  zoisite,  but  with  iron  partly  replacing  alaminimii 
and  similar  replacements  occur  in  the  ganiet  group. 

These  formulfe,  however,  are  neither  absolute  nor  final.  They 
represent  definite  relations,  and  also  the  minimum  molecular  weights 
assignable  to  the  several  minerals,  the  true  molecular  weights  being 
imknown  and  at  present  undeterminable.  It  is  probable  that  some 
of  the  formulae  should  be  doubled,  and  when  that  is  done  some  strik- 
ing new  relations  appear.  This  is  shown  in  the  following  group  of 
structural  expressions : 

.SiO,=.Vl3=SiO,v 


Al-SiO,=Alo  =SiO  — Al 
\siO=Ca3=SiO,'^ 

Anorthite. 

xSiO,=Ca^SiO,\^ 
Al-SiO«=Ca^iO«— Al 

In  melilite.' 

ySiO,=Al,=SiO,v 
Al— SiO«=Ca,^iO«— Al 
^iO,— Ca  Sio/ 

Ca  C& 

Lime  sarcolite. 

.SiO,=Ca^SiO,v 

Al— SiO,=Ca3=SiO,— Al 

\SiO,  SiO,'^ 

(AlOjCa),     (AlOjCa), 

In  gehlenite.* 

^iO,=Ca^SiO,v 
Al— SiO,=Ca^SiO«— Al 
\siO,— Ca  — SiO,'^ 

AlOII         AlOH 

Veeuvianite. 


Al-SiO,=Ca^SiO«— Al 
\si0,=Ca^i0/ 

Garnet. 

.SiO,=^y,=SiO,v 

Al— SiO=Ca,=SiO«— Al 

^SiO,— Ca  — SiO  / 

H,  H, 

Prehnite. 

ySiO,=AJ,=Si04v 
Al— SiO,=Ca^SiO— Al 
"^SiO^— Ca  — SiO  / 

Na,  Na, 

Soda  sarcolite. 


vSiO,=Al,=SiO,v 

Al-SiO,=Ca3=SiO— Al 

\siO  — Ca  — SiO,/' 

Aiin      aiAh 

Zoisite. 

ySiO,=A]j=SiO,v 
Al— SiO,=.yj=SiO— Al 
\siO,=Ca,=SiO,/' 


Ca — O ( 


A 


Meionite. 


In  the  first  group  of  formulae  the  fundamental  nucleus,  which  oc- 
curs in  all  of  them,'  is  Al(SiO^)3.     In  the  second  group  it  is  Al^CSiOJ^i 

1  These  formulao  roprosont  the  characteristic  compounds  in  the  mixed  ciTStals,  melilite  and  gehkniU. 
>  Except  the  triailicate  feldspars  In  which  the  group  SisOt  is  equivalent  to  SiO^. 
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OF  double  the  other. .  The  two  sets  are  identical  in  type^  and  with  their 
aid  the  observed  alterations  become  intelligible.  One  species  changes 
into  another  by  replacements  of  atoms,  the  typical  structures — the 
nuclei,  so  to  speak — ^remaining  tmdistxu'bed.  When  the  trisilicate 
feldspars  alter  into  orthosilicates,  silica  is  liberated;  but  the  othei* 
changes  are  simpler.  For  example,  nephelite,  topaz,  and  andalusite 
all  change  easily  into  muscovite;  members  of  the  garnet  group  can 
form  epidote,  biotite,  or  the  normal  chlorites,  and  so  on.  Pyroxenes 
and  amphiboleS;  however,  are  compounds  of  different  structure  from 
those  given  in  the  foregoing  table,  and  the  mechanism  of  their  alter- 
ations is  not  so  clear.  Some  of  the  phenomena  are  easily  imderstood ; 
others  still  await  interpretation.  It  is  possible  to  write  empirical 
equations  in  all  cases,  but  they  have  slender  value.  A  correlation 
between  molecular  constitution  and  the  observed  changes  must  be 
established  before  the  chemistry  of  metamorphism  can  be  completely 
outlined.  The  formulce  given  here  represent  the  atoms  as  if  they 
were  arranged  on  a  plane  smface,  in  accordance  with  the  laws  of  val- 
ency. The  ultimate  formulae,  which  will  doubtless  be  developed  at 
some  future  time,  will  assume  the  form  of  a  tridimensional  model. 
The  relations  now  shown  will  then  be  shown  more  perfectly. 

TALC  AND   SERPENTINE. 

When  distinctively  magnesian  silicates  undergo  hydrous  meta- 
morphism, which  happens  chiefly  in  the  belt  of  weathering,  the 
product  is  likely  to  be  either  talc  or  serpentine.*  Other  hydrous  sili- 
cates may  be  formed  also,  together  with  carbonates  and  the  hydrox- 
ide, brucite;  but  the  two  species  just  named  are  the  most  important. 
I  speak  now,  of  coiu^e,  with  reference  to  alterations  in  place;  such 
a  rock  as  dolomite  falls  in  quite  another  category. 

A  typical  production  of  serpentine  is  from  rocks  containing  olivine; 
and  the  probable  reaction  is  as  follows: 

2Mg,SiO,  +  2H2O  +  CO,  =  MgjH.Si  A + MgCO,. 

Olivine.  Serpentine.        Magneeite. 

Peridotites  are  especially  liable  to  this  sort  of  alteration,  and 
many  serpentine  rocks  can  be  assigned  this  origin.^  The  well-known 
Lizard  serpentine  of  Cornwall,  for  instance,  has  been  shown  by 
T.  G.  Bonney  ^  to  be  an  altered  Iherzolite. 

1  According  to  G.  P.  Merrill  (Oeol.  Mag.,  1899,  p.  354)  the  formation  of  serpentine  as  a  rock  is  a  deep^eated 
process.  This  conception,  however,  does  not  preclude  the  generation  of  disseminated  serpentine,  regarded 
not  as  a  rock  but  as  a  mineral  species,  within  the  belt  of  weathering.  See  also  T.  H.  Holland,  Oeol.  Mag., 
1899,  p.  540. 

*  See  F.  Sandberger,  Neues  Jahrb.,  1866,  p.  385;  id«m,  1867,  p.  176;  G.  Tscfaermak,  Sitsungsb.  K.  Akad. 

Wiss.  Wien,  vol.  56, 1867,  p.  261;  E.  Wemschenk,  Abhandl.  K.  bayer.  Akad.,  Math.-ph3rs.  Klasse,  vol.  18, 

p.  651;  J.  Lemberg,  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  27,  1875,  p.  531;  B.  Weigand,  Jahrb.  K.-k.  geol. 

Reicfasanstalt,  1875,  Min.  Mitt.,  p.  183.    F.  Zirkel  (Ii«ehrbuch  der  Petrograi^ie,  2d  ed.,  vol.  8,  p.  404) 

■  gives  an  extensive  bibliography  of  serpentine. 

»  Quart.  Jour.  Geol.  Soc.,  vol.  33, 1877,  p.  884. 
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Pyroxenes,  also,  are  often  converted  into  serpehtine.  The  equa* 
lion,  in  the  case  of  diopside,  is  perhaps  as  follows: 

;^MgCaSi,0„ + 3C0,  +  2H2O = Mg,H,Si  A  +  SCaCO,  +  4SiOj. 

Diopdde.  Serpentine.        Calcite.        Quartz. 

This  reaction  is  sustained  by  the  fact  Uiat  serpentine  rocks  often 
contain  quartz  and  calcite.  When  serpentine  is  formed  from  gabbro 
or  ))>Toxenite  the  change  is  probably  of  this  kind,  although  it  may 
have  been  preceded  by  iu*alitization  of  the  pyroxene.  Serpentines 
derived  from  amphibolites  have  been  repeatedly  described.* 

In  short,  serpentine  may  be  formed  from  any  silicate  which  hap- 
pens to  be  rich  in  magnesia,  such  as  ohvine,  pyroxene,  amphibole, 
garnet,^  or  diondrodite.'  It  also  appears  to  be  produced  by  the 
action  of  percolating  magnesian  waters  upon  nonmagnesian  minerals, 
sach  as  feldspars,  and  possibly,  even,  quartz.*  J.  Lemberg*  has 
shown  that  solutions  of  magnesium  carbonate  will  attack  oligodase^ 
replacing  sodiimi  by  magnesium  to  a  considerable  extent;  but  alter- 
ations of  this  sort  are  not  very  common.  Many  reported  changes  of 
minerals  to  talc  or  serpentine  have  been  erroneous,  for  compact  mus- 
covite  is  easily  mistaken  for  them.  A  ]>seudomorphous  mineral 
should  be  called  serpentine  or  steatite  only  after  thorough  chemical 
and  optical  examination.  The  mere  fact  that  a  mineral  is  gre^n, 
soft,  compact,  and  soapy  to  the  touch  is  not  enough  to  establish  its 
character. 

In  many  locaUties  serpentine  is  associated  with  dolomite  or  dolo- 
mitic  limestone.  In  these  cases  the  mineral  has  been  derived  from 
magnesian  silicates,  which  were  first  formed  within  the  limestone  by 
met^amorphic  processes.  In  the  Umestones  of  Westchester  Coimty, 
New  York,  according  to  J.  D.  Dana,"  the  parent  minerals  were  tremo- 
lite  or  actinohte.  It  is  possible  also  that  some  dolomite  itself  may 
liave  become  sUicated,  yielding  serpentine  by  alteration  of  the  com- 
pouiuls  thus  formed.  Similar  views  are  advanced  by  S.  F.  Emmons  ^ 
with  reference  to  serpentines  found  near  LeadviUe,  Colorado.  Tlie 
serpentine  of  MontviUe,  New  Jersey,  which  is  also  in  dolomite,  was 
shown  by  G.  P.  Merrill  *  to  be  derived  from  pyroxene,  and  the  same 
conclusion  was  reached  regarding   the  ophiohte  or  ophicalcite  of 

>  IJ.  K.  Emerson  (Xfon.  U.  S.  CJeoI.  Sur\ey,  vol.  29, 1898,  p.  114)  assigns  this  origin  to  the  serpentine  o( 
the  Connecticut  Valley.  An  Australian  amphibolite  serpentine  has  also  been  described  by  J.  B.  Jaqtiet, 
Rcc.  Geol.  Suney  New  South  Wales,  vol.  6, 1896-18J»,  p.  21. 

*  See  A.  Schrauf ,  Zoitschr.  Kryst.  Min.,  vol.  6, 18S2,  p.  321. 

X  See  J.  D.  Dana,  Am.  Jour.  Sci.,  3d  ser.,  vol.  8, 1874,  p.  371,  on  serpentine  pseudomorphs  trom  tba  Tilly 
Foster  mine. 
<  Sec  O.  F.  Becker,  Mon.  U.  S.  Geol.  Survey,  vol.  13, 1888,  pp.  lOg-128. 
»  Zeitschr.  Deutsdi.  geol.  O^sell.,  vol.  22,  lOTO,  p.  345;  vol.  24, 1872,  p.  255. 

•  Am.  Jour.  Sci.,  3d  ser.,  vol.  20, 1880,  p.  30. 

»  Mon.  17.  B.  Geol.  Survey,  vol.  12, 188fi,  p.  282. 
»  Proc.  U.  8.  Nat.  Mus.,  vol.  11, 1888,  p.  105. 
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Wanrea  Comity,  New  York.*  The  *'verde-antique"  marbles  are 
familiar  illustrations  of  this  commingling  of  carbonates  witk  serpen- 
tine. A  quite  different  blending  of  serpentine  with  other  minerals  is 
that  described  by  me  from  Stephens  County,  Washington.^  This  mix- 
ture was  apparently  a  normal  serpentine;  but  upon  analysis  it  was 
foimd  to  contain  only  20  per  cent  of  that  species,  with  60  per  cent  of 
brucite,  14  per  cent  of  chlorite,  and  5  per  cent  of  hydromagnesile. 
Its  origin,  so  far  as  I  am  aware,  has  not  been  determined. 

In  the  quicksilver  region  of  California  G.  F.  Becker '  found  ser^ 
pentines  which  had  been  decomposed  by  solfataric  agencies  until 
only  the  silica  remained.  Similar  reductions  of  serpentine  to  opal, 
chalcedony,  and  qtiartz  have  been  recorded  by  A.  Lacroix.^  The 
acids  of  volcanic  fumaroles  had  removed  the  bases  of  the  serpentine 
in  the  form  of  soluble  sulphates. 

From  what  has  been  said  so  far  it  is  evident  that  serpentine  ori^- 
nates  in  various  different  ways.  Some  serpentine  is  merdy  altered 
peridotite,  pyroxenite,  or  gabbro;  and  some  of  it  is  derived  from 
dolomite  or  other  sedimentary  roeks.  Indeed,  the  sedimentary  origin 
of  serpentine  has  had  many  strong  advocates,  the  chief  among  them 
having  been  the  late  T.  St^ry  Hunt.^  L.  Dieulaf  ait  •  ako  has  argued 
that  the  serpentines  of  Corsica  are  true  sedimentary  rocks.  There  is, 
in  fact,  no  valid  reason  why  siliceous  magnesian  sediments,  precipi- 
tated or  detrital,  slM>uld  not  form  beds  of  serpentine;  but  the  rock  is 
c(»nmonly  a  metamorphosed  eruptive,  or  else  the  result  of  a  sec- 
ondary metamorphism  of  siliceous  limestones.  In  both  of  these  gen- 
erally recognized  modes  of  f c^mation  the  chemical  proeessea  are  the 
same.  The  same  magnesian  silicates  are  altered  in  the  same  way 
irrespective  of  their  igneous,  metamorphic,  or  sedimentary  origin. 
In  some  cases  magmatic  waters  may  be  the  chief  agent  in  effecting 
serpentin^zation.  The  serpentines  of  New  South  Wales,  for  ex- 
ample, are  regarded  by  W.  N.  Benson  '  as  due  to  the  alteration  of  an 
intrusive  peridotite  by  waters  contained  in  the  same  magna. 

Serpentine  is  a  basic  orthosilicate,  tale  an  acid  metAsilicate.  The 
former  alters  easily,  and  is  readily  decomposed ;  the  latter  is  one  of 
the  least  alterable  and  therefore  among  the  most  stable,  under 
aqueous  conditions,  of  mineral  species.  Both  minerals  are  decom- 
posed by  heat,  but  differently.  Serpentine  breaks  up  into  enstatite 
and  olivine;  talc  into  enstatite  or  anthophyllite  and  quartz,  water 

1  Am.  Jour.  Sci.,  Sd  ser.,  vol.  20, 1880,  p.  30. 
»  BulL  U.  S.  Geol.  Survey  No.  262, 1905,  p.  69. 
3  Mon.  U.  S.  Geol.  Survey,  vol.  13, 1888,  p.  127. 

•  Compt.  Rend.,  vol.  124, 1887,  p.  513. 

fi  Mineral  physiolof^  and  physiagraphy,  1886,  pp.  434-^6.    Hunt  cites  a  largo  amount  o(  ovklence  (ro« 
Italian  sources. 

•  Compt.  Rend.,  vol.  91,  1880,  p.  1000. 

7  Am.  Jour.  Sri.,  4th  spr.,  vol.  46, 1918,  p.  693.    Ittnaoa  giv<cs a  loag list  ol rtUtttkits^m tb» littfature  cl 
serpentine. 
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being  eliminated  in  both  cases.  These  decompositions  may  be 
written  thus: 

MgJH,Si,0,  =  MgjSiO,  +  MgSiO, -f  2HA 
Mg,H,Si,0„  «  3MgSiO, + SiO,  -f  H,0. 

Talc,  like  serpentine,  may  originate  in  different  ways;  but  its  com- 
monest derivation  seems  to  be  by  the  alteration  of  amphiboles  at 
pyroxenes.  C.  H.  Smyth,'  who  studied  the  talc  of  St.  Lawrence 
County,  New  York,  found  it  to  be  derived  in  that  rc^on  from  enstatite 
and  tremolit«,  according  to  the  following  reactions: 

4MgSiO,  -f  H,0  +  CX),  =  Mg,H,Si,0„ + MgCX),. 
MgjCaSi.O^  +  HjO  +  CO,  =  Mg,H,Si,0„ + CaCO,. 

These  reactions  are  much  alike,  and  resemble  those  which  are  recog- 
nized in  the  formation  of  serpentine.  In  fact,  many  serpentines 
contain  admixtures  of  talc,  and  when  the  original  rocks  are  at  all 
aluminous,  chlorites  also  may  appear.  Soapstone  or  steatite  is 
impure,  massive  talc. 

According  to  Smyth,  the  St.  Lawrence  County  talc  is  found  asso- 
ciated with  crystalline  limestones.  J.  H.  Pratt  ^  found  the  deposits 
of  North  Carolina  to  be  in  connection  with  marble,  and  capped  by 
quartzitc.  In  the  same  region  pyrophyllite  occiu«,  a  hydrous  sili- 
cate of  aluminum,  HAlSijO^,  which  much  resembles  talc  and  may 
be  mistaken  for  it.  The  talc  itself  appeared  to  be  derived  from 
tremolite.  Smyth  assumes  that  a  siliceous  limestone  was  first  laid 
down,  which  became,  by  metamorphism,  a  tremolite-enstatite  schist. 
The  latter,  by  hydration,  became  talc.  This,  however,  is  not  the 
only  way  in  which  steatite  has  been  formed.  A.  Gurlt '  reports  its 
formation  from  dolomite  along  contacts  with  amphibolite;  and  C.  H. 
Hitchcock  *  regards  the  steatites  of  New  Hampshire  as  alterations 
of  what  was  originally  igneous  matter.  The  talc  of  Mautern  in 
StjTJa  is  traced  by  K.  A.  Redlich  and  F.  Cornu '  to  the  action  of 
magnesian  solutions  upon  the  surrounding  schists.  Pseudomorphs 
of  talc  after  many  minerals  have  been  described,  but  not  all  of  the 
reports  are  authentic.  The  warning  given  under  serpentine  may  well 
be  recalled  here.  Pseudomorphs  of  talc  after  quartz,  however,  seem 
to  be  well  known.''  Much  work  needs  to  be  done  in  order  to  deter- 
mine the  origin  of  soapstone  generally. 

•  School  of  Mines  Quart.,  vol.  17, 1896,  p.  333.    A  paper  by  A.  A.  Julien  <  n  the  c  rigin  c  f  talc  and  Serpen- 
tine is  in  Annals  Now  York  Acad.  Sd.,  vol.  24, 1914,  p.  23. 

«  North  Carolina  Oeol.  Survey,  Econ.  Paper  No.  3, 1900. 

«  Sitzungsb.  Nloderrheln.  Oesell.  Natur  u.  Heilkumlc,  Bonn,  1865,  p.  126. 

<  Jour.  fJeology,  vol.  4, 1896,  p.  68. 

*  Zeitschr.  prakt.  Oeologie,  1908,  p.  145. 

e  K.  Welnsoheak, Zeitschr.  Kryst.  Min.,  vol.  14, 1888,  p.  305. 
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The  following  analyses  represent  talcose  and  serpentinous  rocks 
of  varied  characters. 

Analyses  of  talcose  and  serpentinoua  rods. 

A.  Dark-green  serpentine,  Rowc,  Massachusetts.  Described  by  B.  K.  Emerson  in  Mon.  U.  8.  GeoL 
Sorvey,  vol.  29, 1898.    Analysis  by  O.  Steiger. 

B.  Serpentine,  Greenville,  California.  Described  by  J.  S.  Diller  in  Boll.  U.  S.  OeoL  Survey  No.  150, 1896, 
p.  373.    Derived  mainly  from  pyroxene.    Analysis  by  W.  H.  Melville. 

C.  Serpentine,  Sulphur  Bank,  California.  Described  by  G.  F.  Becker  In  Mon.  U.  8.  OeoL  Survey,  vol. 
13,1888.    Analysis  by  Melville. 

D.  Serpentine  derived  from  pyroxenite,  Mount  Diablo,  California.  Analysed  and  described  by  Melville, 
Bull.  Geol.  Soc.  America,  vol.  2, 1890,  p.  403. 

E.  Serpentinous  rock  of  unusual  composition;  also  from  Mount  Diablo.  Analysed  and  described  by 
MelviUe,  loc.  cit. 

F.  "Ovenstone''  from  Canton  Valais,  Switzerland.  Described  by  T.  G.  Bonney  (Geol.  Mag.,  1897,  p. 
1 10)  as  a  stage  in  the  alteration  of  serpentine.  The  original  rock  was  perhaps  a  basalt  or  dolerite.  Analysis 
by  Emily  Aston. 

G.  Brucite  serpentine,  Stevens  County,  Washington.  Described  by  F.  W.  Clarke,  Bull.  U.  S.  Geol. 
Survey  No.  262, 1905,  p.  69.    Analysis  by  G.  Steiger. 

H.  Steatite,  Griqualand  West,  South  Africa.  Described  by  E.  Cohen,  Neues  Jahrb.,  1887,  Band  l,  p. 
119.    Analysis  by  Van  Riesen. 
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The  presence  of  chromium  and  nickel  in  several  of  these  rocks  is  a 
good  indication  of  a  relationship  with  the  pyroxenite  and  perido- 
tites.  Chromite  and  nickel  ores  are  v^ry  generally  associated  with 
these  magnesian  eruptives. 

QUARTZITE. 

The  processes  which  operate  in  the  metamorphism  of  sedimentary 
rocks  are  partly  identical  with  those  which  we  have  just  been  consid- 
ering. This  fact  has  already  been  indicated  in  several  connections. 
A  shale,  or  sandstone,  contains  fragments  of  minerals,  usually  more  or 

113750*— 11>— Bull.  G95 39 
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less  wenthered,  ami  these  undergo  the  normal  changes.  Feldspar 
bei'^)in<»s  seririte,  hornblende  alters  io  chlorite,  and  ao  oa,  exactly  as 
ill  the  mc»tamorphoses  of  igneous  material.  The  substances  affected 
are  tlie  same,  and  so  are  the  reactions.  The  formation  of  serpentine 
from  pyroxene,  for  example,  is,  as  I  have  already  said,  the  same 
process,  whether  it  is  effected  upon  the  pyroxene  of  a  gabbro  or  upon 
the  pyroxojie  developed  by  contact  metamorphism  in  a  cr^-stalline 
limestone. 

There  is.  however,  another  set  of  changes  which  are  peculiar  to  the 
se<limentaries.  These  rocks  contain  decom|>osition  products,  such  as 
kaolin  it  e.  hydroxides  of  aluminum  and  iron,  etc.,  which  give  rise  to  a 
different  group  of  reactions,  and  these  generate  another  class  of  min- 
eral s|)e<ies.  Kyanite,  andalusite,  silliniaiiite,  staurolite,  and  dumor- 
tierito  are  among  the  minerals  thus  developed  in  schists  which  once 
were  shales.  These  minerads,  again,  can  alter  into  mica,  so  that  a 
mica  schist  may  represent  the  outcome  of  a  series  of  transformations, 
the  intermediate  products  having  disappeare<l. 

Just  as  the  sedimentary  rocks  shade  into  one  another,  so,  too,  do 
their  metamorphic  derivatives,  but  with  even  greater  complexity. 
For  the  metamorphosed  rocks  contain  not  only  the  original  minerals 
of  the  sediments,  but  also  the  new  ])roducts  formed  by  alteration. 
Perhaps  the  simplest  of  these  changes  is  that  of  a  sandstone  into  a 
quartzite,  which,  in  the  first  instance,  is  brought  about  by  infiltration 
of  silica.  In  this  way  the  interstices  of  the  sandstone  are  filled  up 
and  a  porous  rock  is  transformed  into  a  com]>act  one.  But  as  sand- 
stones are  not  all  sand,  so  quartzites  are  not  all  silica.  A  micaceous 
sandstone  yields  a  micaceous  quartzite;  a  feldspathic  sandstone  may 
form  either  an  arkose  gneiss,  or  by  sericitization  it  can  become  a  mica 
schi*t;  and  between  these  different  rocks  there  are  all  mamier  of 
gradations.  These  changes,  moreover,  are  often  complicated  by 
structural  modifications  due  to  dynamic  agencies;  so  that  from  sim- 
ilar sandstones  very  different  rocks  can  be  derived.  In  some  cases 
the  nature  and  order  of  the  changes  can  be  traced;  in  others  they 
seem  to  be  hopelessly  obscure.^ 

The  following  analyses  of  quartzite  and  <{uartz  schist  are  useful  for 
comj)arison  with  the  analyses  of  sandstones  given  in  the  preceding 
chapter: 


>  For  u  full  «liscussion  reliilivo  to  the  formation  of  quartiite.  se"  C.  R.  Van  Hise,  A 
phisin:  Mou.  V.  S.  (Jocil.  Survey,  vol.  47,  IWM,  pp.  H«)r>-}<80.  SeealsoR.  D.  Irving,  Bull.  U.  S.  Geol.  Suney 
No.  s,  IK'^,  ]).  4S;  Am.  Jour.  Sci.,  3d  ser.,  voL  35, 1883,  p.  401.  Important  papers  on  the  subject  have  been 
written  })y  C.  lx)sscn.  Zciischr.  Deutsch.  geol.  Oesell.,  vol.  19, 1867,  p.  615,  and  W.  J.  SollaSySei.  Proc.  Roy. 
Dublin  Soc.,  vol.  7, 1892,  p.  169. 
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Analyses  o/qiiartzite  and  quartz  schist. 

A.  Dark  vitreous  quartzite,  Pigeon  Point,  Minnesota.  Ck>ntaiBS  quarts,  with  a  little  feldspar,  chlorite, 
mica,  and  magnetite.  Described  by  W.  S.  Bayley,  Bull.  U.  S.  OeoL  Survey  No.  109, 1893.  Analysis  by 
R.  B.  Rlggs. 

B.  Red  vitreous  quartzite,  Figeon  Point.    Eayley  and  Riggs  as  above. 

C.  Quartsite,  South  Mountain,  Pennsylvania.  Described  by  F.  Bascom,  Bull.  U.  8.  Oeol.  Survey  No. 
136, 1896.    AnaljTSis  by  F.  A.  Oenth,  on  p.  34. 

D.  Quarts  schist,  near  Stevenson  station,  Maryland.  Contains  quartz,  musoovite,  tourmaline,  micro- 
cline,  zircon,  and  iron  stains.  Described  by  Bayley,  Bull.  U .  S.  Geol.  Survey  No.  150, 1898,  p.  302.  Analy- 
sis by  E.  A.  Schneider. 
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a  84.13  per  cent  quartz,  7.87  per  cent  combined  silica. 


b  Loss  on  ignition. 


METAMORPHOSED   SHAIiES. 

Shales,  slates,  phyllites,  and  mica  schists  form  a  continuous  series 
of  rocks  which  can  be  derived  from  clay,  mud,  or  silt  by  progressive 
dehydration  and  crystallization.  Some  mica  schists,  of  course,  are 
traceable  back  to  igneous  rocks,  but  they  fall  outside  of  the  present 
category.  In  order  to  study  the  development  of  schists  from  shales 
or  clays,  we  must  consider  what  compounds  the  latter  contain  capa- 
ble of  dehydration  and  what  are  produced  in  this  class  of  metamor- 
phoses. 

This  groimd  has  already  been  partly  covered  in  the  two  preceding 
chapters.  The  final  products  of  rock  decomposition,  apart  from 
those  that  are  removed  in  solution,  are  hydroxides  of  iron  and 
aluminum;  free  silica,  anhydrous  or  opaline;  and  hydrous  siUcates 
of  iron,  aluminum,  and  magnesium.  The  simple  hydroxides  offer 
the  least  difficulties  in  the  way  of  interpretation.  The  iron  com- 
pounds yield  hematite,  which  is  a  common  mineral  in  the  metamor- 
phic  schiste,  and  which,  in  presence  of  organic  matter,  may  be 
reduced  to  magnetite.^  The  aluminum  hydroxides  may  furmsh  dia- 
spore  if  the  dehydration  is  partial,  or  conmdum  when  the  reaction 
is   complete.     Opaline   silica  loses   water   and   becomes   converted 

>  If  a  bod  of  llmonite  be  regarded  as  a  sedimentary  rock,  a  bed  of  hematite  may  bo  Its  metamorphio 
equh'ulent. 
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into  r|ijartz.  TheM9  changes  are  of  the  !iim|Jest  character,  but  i'  is 
not  C4;rtain  that  thay  always  take  place.  It  is  poaoible  that  (he 
rotloidal  ftilica  may  reai.'t  upon  the  colloidal  hydit>xides,  and  form 
silicHtert  anew;  but  I  am  not  sure  that  this  class  of  reactkMis  has  been 
pn>vocl.  They  are  conceivable,  and  therefore  can  not  be  left  out  of 
accx)unt.  The  known  changes,  as  I  have  stated  them,  are  those  of 
thf*  <!ompounds  themselves  when  not  commingled  with  other  sub- 
Htanrw.  Hematite,  magnetite,  conmdimi,  and  quartz  can  be  formed 
in  tlio  manner  indicated;  and  hematite  or  magnetite  schists  (schists 
C4»ntaining  theHe  minerals  in  conspicuous  proportions)  are  not  rare. 
'^Dio  itabirite  of  Brazil  is  a  rock  of  this  kind,  containing  hematite, 
magnetite,  and  quartz.'  Similar  rocks  have  been  described  by  H. 
()<K|uand  '  in  France,  and  O.  M.  Lieber*  in  South  Carolina.  Co- 
quand's  ro^k  is  described  as  equivalent  to  a  mica  schist  containing 
HpcHuilar  hematite  in  place  of  mica.  Itabirite  from  Okande  Land, 
West  Africa,  is  reported  by  O.  Lenz  ^  as  containing  quartz,  h^natite, 
and  magnetite,  with  quartz  predominating.  Another  example  from 
the  Gold  Coast,  described  by  C.  W.  Gtimbel,^  contains  also  muscovite, 
ilmonite,  and  free  gold.  A  German  schist  examined  by  C.  Lossen* 
(*c)nsiHted  of  specular  hematite  and  quartz. 

FERRUGINOUS   SCHISTS. 

The  ferruginous  schists  of  the  Lake  Superior  region  may  properly 
bo  niontionod  here.  According  to  C.  R.  Van  Hise,'  they  are  derived 
from  carbonate  rocks  which  he  calls  sideritic  slates.  These,  by  oxida- 
tion, pass  into  limonitic  or  hematitic  slates,  and  from  the  latter  the 
schists  are  derived.  Ferruginous  cherts  are  also  formed,  and  some 
banded  rocks  of  chert  and  hematite  which  Van  Else  calls  jaspilite. 
The  silicification  of  the  original  siderite  is  attributed  to  the  action  of 
Hilica  contained  in  percolating  waters.  The  folloi;^ing  analyses  of  the 
Hchiftts  were  made  in  the  laboratory  of  the  United  States  Geological 
Survey : 

>  Am  Zlrkel,  Lahrbuoh  dar  Petrognphlc,  ad  ed.,  p.  570,  fbrrefeTences. 

*  iuill.  Soc.  Rtel.  Frmnoe,  ad  mt.,  vol.  6, 1849,  p.  291. 

»  Uopt.  Survey  South  Carolina,  1855,  pp.  8ft-94;  1857,  p.  7«:  is."*,  p.  107. 
<  Vertaandl.  K.-k.  swL  Raiohnnstalt,  1878,  p.  188. 

*  SiUiuigab.  K.  Akad.  Win.  MOncheii,  1882,  p.  183. 

'  Zoltsohr.  Deutsoh.  geol.  Q«8eD.,  vol.  10, 1867,  p.  614.  Zirkel  refers  also  to  Nom-efdan  examples  reported 
by  J.  n.  L.  Vogt  in  a  memoir  whioli  I  have  not  aean. 

*  A  iroatiae  on  metamorphiim:  Mod.  U.  S.  OooL  Survey,  vol.  47, 1904,  pp.  83&-S42.  See  also  thellteratore 
there  cited,  and  especially  Mon.  V.  8.  Ocol,  Survey,  vol.  28,  189.*),  by  C.  R.  Van  mse  and  W.  S.  Bayley. 
On  the  metainorphism  of  oil  shales  by  the  oombwtion  of  their  hydroevlMMB,  see  R.  AxBold  wmd  R.  Anier- 
son.  Jour.  Ueokif}*,  voL  15, 1907,  p.  750. 


HETAMORPHIC  ROCKS. 


613 


Analyses  of  ferruginous  schists. 

A.  GrflneritCHimigiiatite  schist,  Harqaette  region,  Michigan.  Contains  grOnerlte,  magnetite,  and 
qoarts.  Described  by  C.  R.  Van  Hise  and  W.  8.  Bayley  in  Mon.  U.  8.  Oeol.  Sonrey,  voL  28, 1895. 
Analysis  by  H.  N.  Stokes. 

B.  Actinolite-magnetite  schist,  Mesabi  Range,  Minnesota.  I>6scribed  by  W.  8.  Bayley,  Am.  Jour.  Sci.. 
3d  ser.,  toL  46, 1S93,  p.  178.    Consists  of  actinoUte  and  magnetite.    Analysis  by  W.  H.  Melyille. 
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DEHYDRATION  OF  CLAYS. 

Rocks  like  those  just  considered,  obviously,  may  vary  from  nearly 
pure  amphibole  to  nearly  pure  iron  ore,  and  the  quartz-hematite 
schists  may  range  between  the  two  extremes  in  the  same  way.  In  all 
cases,  however,  the  final  product  represents  the  dehydration  of  hy- 
droxides, followed  by  partial  reduction  in  the  case  of  the  magnetite 
schists.  The  origin  of  the  hydroxides,  whether  from  carbonates  or 
from  silicates,  is  a  separate  question. 

The  hydrous  silicates  of  the  sediments  are  chiefly  those  of  alumi- 
num. Some  iron  compounds  also  occur,  such  as  glauconite,  chloropal, 
or  nontronite,  but  their  mode  of  decomposition  when  hydrated  is 
not  clearly  known.  In  many  cases,  probably,  they  break  down  into 
ferric  oxide  and  quartz;  but  they  also,  doubtless,  contribute  to  the 
formation  of  less  hydrous  minerals,  like  staurolite  and  chloritoid. 
Of  these  species,  more  later.  Magnesian  silicates  must  also  exbt  in 
the  sediments,  as  talcose  or  serpentinous  matter,  but  their  dehydra- 
tion products  have  already  been  discussed.^ 

Many  hydrous  silicates  of  aluminum  have  been  described.  A  few 
of  them  are  definite,  others  are  more  or  less  doubtful.  Some,  prob- 
ably, are  colloidal  mixtures,  which  should  not  be  formulated  as  distinct 
chemical  compounds.  The  following  minerals  in  this  class  are  rec- 
ognized by  Dana  as  true  species : 


1  See  p.  586,  ante. 
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Kailinite fl^Al^ijO,. 

IlalloVHite H^l^Sii:)^4- aq. 

NewtDiiite H^l,8ijO,i+aq. 

Cimelito I^Al^Si,0„+3aq.(?) 

Montm'irillonito H^41,Si^0,j+n  aq. 

P>T^.phylliti» H^MjSi^ij. 

Alloplianc* AljSiO^.Saq. 

<^.llyrite Al^SiO^Oaq. 

Schrotterite AljjSijOjg.SOaq. 

To  this  list  rectorite  *  and  ieverrierite '  should  probably  be  added. 
I^verrierite,  as  described  by  P.  Termier,  has  the  composition  of  mus- 
covite,  with  hydrogen  replacing  potassium,  and  a  little  iron  equiv- 
alent to  aluminum.  Its  formula,  then,  is  HAlSiO^,  or  H^^SijOu, 
corresponding  to  muscovite,  H^KAljSijOij.  Rectorite,  according  to 
R.  X.  Brackett  and  J.  F.  Williams,  has  the  same  composition,  plus 
an  excess  of  water,  which  is  driven  off  when  the  mineral  is  dried  at 
110°.  Possibly  the  mineral  kryptotile,  an  alteration  product  of 
komerupine  or  prismatine,  may  be  a  compound  of  the  same  order .^ 
Silicates  of  this  type,  if  their  existence  should  be  definitely  estab- 
lished, would  probably  be  found  to  be  widely  diffused  and  to  play  an 
important  part  in  the  development  of  phyllite  or  mica  schist.  They 
should  take  up  potassium  from  percolating  solutions,  forming  musco- 
vite— a  probability  which  deserves  to  be  investigated  with^eat  care. 
Upon  complete  dehydration  all  of  the  silicates  in  the  list  except 
coll^Tite  and  schrdtterite  should  break  down  into  mixtures  of 
Al2Si05  and  SiO,.  Al,SiO,  represents  empirically,  the  three  min- 
erals andalusite,  kyanite,  and  sillimanite,  which  are  isomeric  but  not 
identical.  No  other  anhydrous  silicate  of  aluminum  alone  is  known 
to  occur  in  nature.  These  three  species,  moreover,  are  all  character- 
istic of  the  metamorphic  schists,  and  must  have  been  formed  in  most 
cases  by  some  such  process  as  that  just  indicated.  Sometimes,  how- 
ever, other  sources  are  to  be  assumed.  For  example,  K.  Dalmer  ^  has 
described  a  phyllite  containing  muscovite  and  chlorite,  which,  by 
contact  metamorphism,  has  been  transformed  into  a  biotite-andalusite 
schist.  In  this  instance  the  andalusite  seems  to  have  been  produced 
by  a  reaction  between  the  two  antecedent  species.  On  the  other  hand, 
it  has  been  shown  by  W.  Vernadsky  ^  that  sillimanite  is  a  normal  con- 
stituent of  hard  porcelain,  in  which  it  is  derived  from  kaolinite;  and 
also  that  kyanite  and  andalusite  are  convertible  into  sillimanite  by 
heating  to  temperature  of  1,320°  to  1,380°.     Kyanite  often  occurs 

»  Am.  Jour.  Sd.,  3cl  ser.,  vol.  42, 1891,  p.  16. 

>  Bull.  Soc.  min.,  vol.  22, 1899,  p.  27.    See  also  I  .  S.  Laraen  and  K.  T.  WheiT>-,  Jour.  Washinf  ton  Aca^l. 
Sd.,  vol.  7,  1917,  p.  208. 

>  See  J.  Thlig,  Zcitschr.  Kryst.  Min.,  vol.  47, 1910,  p.  21.%  and  A.  Sauer,  Zeitschr.  Deutscb.  t^eol.  (iesell. 
vol.  3S,  1SH6,  p.  705. 

*  \eues  Jahrl).,  1S97,  Band  2,  p.  156. 

^  null.  .>oc.  lUia.,  vol.  13,  1890,  p.  256.   See  also  J.  W.  Meilor,  Jour.  Soc.  Cbem.  Ind.,  vol.  26,  1907,p.  375. 
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in  mica  schist,  and  also  in  long,  bladed  crystals  embedded  in  quartz. 
All  three  species  alter  into  mica/  so  that  here  we  have  a  group  of 
facts  which  bear  obviously  upon  the  interpretation  of  metamorphic 
processes.  We  do  not  yet  know,  however,  the  conditions  which  deter- 
mine the  formation  in  a  metamorphic  rock  of  one  or  another  of  the 
three  isomers.  The  chemical  structure  of  ihe  particular  hydrous 
silicate  from  which  andalusite,  kyanite,  or  sillimanite  has  been 
derived  probably  has  a  distinct  influence  upon  the  reaction.  Temper- 
ature, as  shown  by  Vemadsky,  must  also  be  taken  into  account,  and 
so,  too,  must  pressure.  The  three  minerals  differ  in  density,  and 
pressure  may  well  help  to  determine  which  species  shall  form.  The 
specific  gravity  of  andalusite  is  near  3.2,  that  of  sillimanite  about 
3.25,  and  that  of  kyanite  varies  little  from  3.6.  Eyanite,  then,  would 
be  likely  to  appear  under  the  greatest  pressures  and  andalusite  under 
the  least,  other  conditions  beipg  equal.  The  problem  is  complicated, 
however,  by  the.fact  that  the  same  rock  often  contains  more  than  one 
of  these  minerals,  together  with  products  derived  from  them.  The 
argillite  of  Harvard,  Massachusetts,  according  to  B.  K.  flmerson,' 
contains  andalusite  inclosing  sillimanite,  both  in  every  stage  of  alter- 
ation to  muscovite.  The  argillites  of  this  region,  modified  by  intru- 
sions of  granite,  show  a  zonal  system  of  changes.  Where  the  tem- 
perature was  lowest,  andalusite  and  sillimanite  form.  With  more 
intense  heat,  staurolite  and  garnet  appear.  Influx  of  alkaline  waters 
from  the  heated  granite  changes  these  species  to  muscovite^  while 
nearest  the  granite  feldspars  develop. 

Staurolite,  HAlgFeSijOj,,  specific  gravity  3.75,  is  another  mineral 
of  the  metamorphic  schists,  and  one  closely  allied  to  the  andalusite 
group.  Its  formation  evidently  requires  the  presence  of  iron  in 
the  sediments,  and  also  conditions  of  temperature  and  pressure  which 
could  permit  the  retention  of  water.  Garnet  is  one  of  its  common 
associates,  and  so,  too,  are  sillimanite  and  kyanite.  Its  most  fre- 
quent matrix  is  mica  schist;  but  its  mode  of  formation  is  not  yet 
clearly  imderstood.  Staurolite  is  always  contaminated  by  inclusions 
of  other  substances,  and  it  alters  readily  into  mica. 

With  more  iron  and  possible  hydration,  schists  are  formed  con- 
taining chloritoid  or  ottrelite.  Qiloritoid  has  the  formula 
HjFeAljSiOy;  but  that  of  ottrelite  is  not  certain.  The  best  evi- 
dence goes  to  show  that  the  two  minerals  are  alike  in  type,  except 
that  chloritoid  is  an  orthosilicate,  and  ottrelite  a  trisilicate.  On  this 
supposition  the  two  formulae  become 

A102Fe.SiO,.A10H.H.  A10,Fe.Si308.A10H.H. 

Chloritoid.  Ottrelite. 

I  The  reported  alteration  of  kyanite  into  steatite  is  most  questionable.    I'robably  a  compact  muscovit« 
(damourite)  has  been  mistaken  for  talc. 
*  Ball.  Geol.  Soc.  America,  vol.  1, 1889,  p.  5a9. 
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MagiicBium  may  replace  iron  to  some  extent,  and  in  the  Belgian 
ottreiitos  manganese  plays  a  similar  part.  By  dehydration,  clilon- 
toid  would  become  A10,Mg.Si04JU,  or  Al^MgSiOe,  which  is  the 
formula  of  the  alimunous  constituent  of  augite  and  hornblende, 
and  also  of  the  imperfectly  known  mineral  komempine.  A  relation 
between  chloritoid  and  these  silicates  is  therefore  snggeBted,  but 
what  its  real  significance  may  be  is  unknown.  Broadly  considered, 
rhloritoid  and  ottrelite  belong  to  a  group  of  silicates  intermediate 
between  the  micas  and  the  chlorites,  from  either  of  which  groups 
Uiey  may  be  derived,  or  into  which  they  may  alter.  In  the  ottrelite 
scliists  of  Vermont,  according  to  C.  L.  Whittle,*  chlorite  is  derived 
from  ottrelite,  and  the  latter  mineral  was  one  of  the  last  to  form. 
In  the  Belgian  phyllites  studied  by  J.  Gosselet  ^  mi<*a  sometimes 
replaces  ottrelite.  The  formation  of  ottreUte  after  the  other  min- 
erals of  the  schists  was  also  noted  by  W.  M.  Hutchings'  in  a  sericite- 
ottrelite-ilmenite  phyUite  from  Cornwall,  and  by  J.  E.  WolflF  *  in  a 
rock  found  at  Newport,  Rhode  Island.  In  a  coUection  of  rocks  from 
the  Transvaal,  J.  G6tz^  found  ottrelite  schist,  andalusite  schist,  and 
an  intermediate  phase  containing  both  ottrelite  and  andalusite. 

Ottrelite  and  chloritoid  are  probably  often  eonfoimded.  At  all 
events,  cliloritoid  rocks  have  been  less  frequently  described.  C.  Bar- 
rois  *  has  reported  them  from  the  He  de  Groix,  France;  a  gamet- 
diloritoid-quartz  schist  from  japan  has  been  described  by  B.  Koto;' 
and  a  rock  from  the  province  of  Salzburg,  Austria,  studied  by 
A.  Cathrein,  contained  about  64  per  cent  of  chloritoid,  with  30  of 
quartz  and  some  rutile.  Other  occurrences  are  well  summed  up  by 
F.  Zirkel,^  for  both  ottrelite  and  chloritoid.  The  abundant  litera- 
ture,  however,  is  mainly  descriptive,  and  sheds  little  light  upon  the 
genesis  of  these  minerals.  The  following  analyses  represent  rocks 
characterized  by  the  andalusite  and  chloritoid  groups.  All  except 
one,  by  Klement,  were  made  in  the  laboratory  of  the  United  States 
Geological  Survey." 

• 

'  Am.  Jour.  Sci.,  M  scr.,  vol.  44, 1892,  p.  270. 
3  Annates  Soo.  k<V)1.  du  Nord,  vol.  15,  p.  185. 
»  Geol.  Mag.,  1880,  p.  214. 

•  Bull.  Mus.  Comp.  Zool.,  vol.  16, 1800,  p.  159. 
» Neuas  Jahrb.,  Bcil.  Band  4,  1886,  p.  143. 

•  Annales  Soo.  gdol.  <iu  Nord,  vol.  11, 1884,  p.  18. 
^  Jour.  Coll.  Sci.  Japan,  vol.  5,  1893,  p.  270. 

•  l^hrbuch  dcr  I'etrographie,  2d  ed.,  voL  3,  pp.  282,  204,  303-300. 

» On  u  remarkable  andalusite  rock  in  Califomia  see  A.  Knopf,  Jour.  Washingtur  Acad.  Bci.,  vol.  1, 
1917,  p.  .549. 
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Analifsea  of  atidalimU  and  chioritoid  rodbf. 

A.  Andaluaite  schist,  Mariposa  County,  California.  Analj-sis  by  W.  F.  HiUelvuid.  Doaoiibcd  by 
H.  \V.  Turner,  Seventeenth  Ann.  Rept.  U.  S.  0«ol.  Survey,  pt.  1, 1806,  p.  691.  Contains  quartz,  biotite, 
andalusitc,  sericite,  and  minor  accessories. 

B.  Chiastolite  schist,  Mariposa  County,  California.  Analysis  by  Q.  Stdger.  Described  by  Turner, 
Dull.  U.  8.  GeoL  Survey  No.  loO,  1898,  p.  342.    Contains  andaUisite  (chiastolite),  sillimanite,  mica,  etc. 

C.  Andalusite  honifols,  Manposa  County.  Analysis  by  Stciger.  Described  by  Turner,  op.  dt.,  p.  342. 
Contains  quartz,  andalnaito,  mica,  etc. 

D.  Aiidalusite  schist,  Skamania  County,  Washin^iitoti.  .Vnalyxed  and  defwrlbed  by  W.  T.  SchaUer, 
Bull.  U.  S.  Gcol.  Survey  No.  362,  1905,  p.  105.  Contains  andalusite,  35  per  cent;  quartz,  32  per  cent; 
inasoovitc,  27  per  oont;  and  minor  accessories. 

E.  Kyanite  schist,  Serra  do  tiigante,  Brazil.  Analysis  by  Hillebrand.  Described  by  O.  A.  Derby,  .\m. 
Jour.  Sci.,  4th  srr.,  vol.  7, 1899,  p.  343.     Consists  mainly  of  kyanite,  chlorite,  sericite,  quartz,  and  rutUe. 

F.  Sillimanite  s^'hist,  San  Diego  County,  California.  Analyzed  and  described  by  StiiaUpr,  BnlL  No.  282, 
1895,  p.  98.     Mainly  quartz,  69  per  cent,  and  sillimanite,  31  i>er  cent,  neglecting  water  and  minor  accessories.' 

G.  niloritoid-phyllite,  J.ibcrty,  Maryland,  \nalyzed  by  L.  G.  Eakins.  Called  "ottrelite-phyllitc"' 
by  G.  H.  AViHiams,  but  the  characteristic  mineral  is  chioritoid.  See  Bull.  U.  8.  Geol.  Survey  No.  228, 
p.  59. 

FT.  Ottrclite  schist,  Montherm^,  Belgium.  Analyzed  by  C.  Klement,  described  by  A.  F.  Renard. 
Renard's  memoirs  on  the  phyllitcs  of  the  Ardennes  (Bull.  Mus.  roy.  hist.  nat.  Belgique,  vol.  1, 1882,  p.  21?; 
vol.  2,'  1883,  p.  127;  vol.  3, 1884,  p.  230)  are  rich  in  data  concerning  rocks  of  this  dass.  For  this  particular 
s.hist  see  vol.  3,  p.  255.  It  contains  ottrelit*,  4<».ll  per  cent;  seridto,  23.35  per  cent;  and  quartz,  23.15  per 
oent. 
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MICA  SCHIST. 

A  great  variety  of  other  schists,  corresponding  to  the  variations  in 
the  sediments  themselves,  have  received  special  descriptive  names. 
Graphite  schists,  derived  from  carbonaceous  shales;  tourmaline 
schists,  containing  tourmaline,  and  garnet-mica  schists  are  good 
examples.  The  commonest  type  of  all,  however,  is  tlio  ordinary  mica 
or  sericite  schist,  which  is  essentially  a  mixture  of  qaart'L  ^\\^\si^si». 
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with  varying  aocesBories.  A  paragonite  schisi  contains  the  soda  mica, 
paragonite,  instead  of  the  commoner  muscovite.  A  shale  paascB  into 
a  slate;  in  that  fine  scales  of  mica  develop,  forming  a  phyllite,  and 
with  more  complete  recrystallization  a  mica  schist  is  pitxliiced. 
Mica  schists  also  originate  from  the  alteration  of  a  granitic  detritus 
consisting  of  quartz  and  feldspar/  the  latter  mineral  changing  to 
muscovite,  or,  under  undetermined  conditions,  to  biotite.  Qilorite, 
epidote,  garnet,  tourmaline,  and  feldspars  are  common  accesscHy 
minerals  in  rocks  of  this  class.  The  following  analyses  of  mica 
schists  were  made  in  the  Survey  laboratory: 

AnalyteM  of  mica  $diisU. 

A.  Quartit-iericite  achist,  ICount  .KmratiMVy  Veimoot.  AoAlyied  by  W.  F.  HQlefamid.  DMetlUd  bj 
R.  A.  Daly  in  BuU.  I'.  8.  Geol.  Survey  No.  a09, 1003. 

K.  6eridt«  schUt,  l4Mliesbiirg,  IfArylaiML  Analyicd  by  G.  Steiger.  Described  by  W.  8.  Bi^^y  im 
Bull.  U.  8.  Gool.  8an-cy  So.  150, 19»,  p.  317. 

C.  Berldte  schist,  Marquette  region,  Michigan.  Analysis  by  Stdger.  Described  by  C.  R.  Van  Ifias 
anrl  W.  P.  Bayloy,  Mon.  U.  8.  Geol.  Sorvey,  vol.  28, 1895.    Mainly  seiicite  and  quartz. 

I>.  Mica  schist,  Crystal  Falls  district,  Michi|»n.  Analyzed  by  R.  N.  Stokes.  Described  by  IT.  L. 
Smyth,  Mon.  V.  S.  Geol.  Survey,  vol.  36,  1808,  p.  274.  Contains  bftotite,  qoarU,  some  mkrocUne,  and 
ma;'netite. 

K.  Mlcaschist,  near  GtinfUnt  Lake,  Minnesota.  Analyzed  by  T.  M.  Chatard.  Contains  biotite,  quartz, 
feldspar  (?),  and  pyrite,  as  reported  by  Van  Ilise. 

F.  Fcldspathic  mi-a  schist,  Mariposa  County,  Calif)mia.  Analyzed  by  Hillebrand.  Described  by 
If.  W.  Turner,  Sevontecnth  Ann.  Rept,  U.  8.  Geol.  8ur\'cy,  pt.  1, 1896,  p.  091.  Contains  qoarti,  feklqiwr, 
biotite,  mnsoovite,  apatite,  and  specular  iron. 
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99.84 

99.44 

100.58 

100.03 

^  See  C.  R.  Van  Ilise,  Bull.  OeoU  Soc.  America,  voL  1, 1899,  p.  206,  on  schists  from  the  Black  Hills. 
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Before  leaving  the  subject  of  mica  schist  a  word  of  caution  may 
not  be  superfluous.  It  is  often  assumed  that  the  mica  in  such  a 
rock  has  been  derived  from  the  alteration  of  feldspathic  particles 
contained  in  the  original  sediments,  and  this  no  doubt  is  frequently 
the  case.  The  same  process  operates  that  is  traced  in  the  sericitiza- 
tion  of  an  igneous  rock,  but  it  is  not  necessarily  general.  We  have 
seen  that  muscovite  can  be  formed  from  andalusite,  for  instance, 
and  the  latter  probably  from  clay  substance.  In  short,  micas  may 
form  in  a  number  of  different  ways,  so  that  no  single  set  of  reactions 
can  account  for  all  of  its  occurrences.  Sometimes  its  source  can  be 
determined,  but  not  always. 

Many  schists  contain  tourmaline  as  an  essential  constituent. 
Dumortierite  alsp  occurs  in  them,  perhaps  more  often  than  is  com- 
monly supposed.  These  species  are  borosUicates,  and  their  generation 
is  usually  attributed  to  the  agency  of  bpron-beariug  gases  or  vapors 
emitted  from  heated  magmas  along  their  contacts  with  sedimentary 
deposits.  Boron  compounds,  and  fluorine  compoimds  also,  exist  in 
volcanic  emanations,  as  was  shown  in  ChapterH^III,  and  they  prob- 
ably produce,  in  many  instances,  the  effects  just  ascribed  to  them. 
But  here  again  caution  is  necessary.  We  do  not  know  how  widely 
boron  and  fluorine  may  be  disseminated  in  rock-forming  mate- 
rials! for  their  determination  in  traces  is  very  difficult  and  rarely 
attempted.  Fluorine  must  be  abundantly  diffused  as  a  constituent 
of  the  ubiquitous  mineral  apatite,  and  boron  may  be  equally  com- 
mon. We  observe  its  concentration  in  tourmaline,  but  we  can  not 
be  positive  as  to  its  origin  except  in  certain  individual  cases.  One 
of  these  seems  to  be  the  contact  between  mica  schist  and  granite 
on  Moimt  Willard,  in  the  White  Mountains  of  New  Hampshire,  as 
described  by  G.  W.  Hawes.*  Here  there  are  seven  well-deflned  zones, 
as  follows: 

1.  Argilli tic  mica  srliist,  chloritic. 

2.  ArgilUtic  mica  acliiflt,  biotitic. 

3.  Tourmaline  homstijne. 

4.  Tourmaline  veinst<»ne. 

5.  Mixed  granite  and  schist. 

6.  Granite  porphyry,  l)iotitic. 

7.  Normal  granite,  homblendic.     This  contains  quartz,  albite,  orthoclase,  horn- 
blende, and  some  biotite.    In  the  porphyry,  biotite  entirely  replaces  the  hornblende. 

The  remarkably  complete  series  of  analyses  by  Hawes  is  given  in 
the  next  table. 


»  Am.  Jour.  Scl.,  3d  ser.,  vol.  21, 18S1,  p.  21. 
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Analy9a  o/ffroniu  and  miea  •cAul  ruar  coniaet^  Mownt  WUlari. 

A.  Tbe  Bonnal  .\llMa7  snnlte.  f   E.  Toarmaltiii 

B.  PorpiiTry,  3  feot  from  oooUct.  F.  Schist,  15  lecC  from 

C.  Porphfiy.  2iiiclMiflromeooUet.  O.  Sdrist,  SO  feet  firom 

D.  ToonnAline  vdiistoiie,  on  eaaUet.  H.  Sdiist,  100  foot  from 


A 

B               C 

l> 

E 

r     !     0 

'       H 

8iO, 

72.26 

13.59 

1.16 

2.18 

.06 

1.13 

3.85 

5.58 

.47 

.45 

* 

73.09 

12.76 

1.07 

4.28 

.09 

.30 

3.16 

5.10 

.73 

.40 

71.07 

12.34 

2.25 

4.92 

.19 

.55 

2.84 

5.53 

.72 

.27 

66.41 

16.84 

1.97 

5.50 

I.n 

.37 
1.76 

.56 
1.31 
1.02 
2.96 

.25 

.12 

67.88 

14.67 

2.37 

3.95 

1.29 

.30 

3.64 

4.08 

1.01 

.93 

.97 

Trace. 

.11 

66.30 

16.35 

.95 

5.77 

1.63 

.24 

Ml 

3.40 

3.02 

1.28 

Trace. 

63.35 

19.69 

.72 

5.48 

1.77 

Tnure. 

1.12 

3.47 

3.73 

1.00 

61.57 

ALO, T 

20. 5& 

tr**y> 

Fe*^). 

2.02 

*  ^jT  ^t'  " 

FeO 

4.28 

lliK> 

1.27 

**o^^ ..... 

CaO 

.24 

NsuO 

.68 

K/) 

4.71 

HJ) 

4.09 

T1O2 

1.10 

B,0, 

F 

MnO 

Trace. 

.08    Trace. 

Trace. 

.16 

.10 

100.73 

101.06   100.68 

100.78   101.20 

100. 05  100.  49 

100.61 

The  dehydration  in  passing  from  schist  to  granite  is  here  very 
obvious,  but  the  sudden  appearance  of  boric  oxide  is  more  striking. 
That  its  concentration  was  brought  about  by  pneumatolytic  processes 
is  the  most  reasonable  hypothesis  by  which  to  account  for  its  pres- 
ence at  the  line  of  contact  and  its  absence  elsewhere.  The  mineral- 
ogical  composition  of  the  rocks  D  to  H,  as  given  by  Hawes,  presents 
a  still  clearer  picture  to  the  mind  of  the  changes  which  have  occurred: 

Mineral (ujiral  com j position  of  toummline  rocks  and  mica  schist.  Mount  WiUard. 


I) 


Quartz 50.  03 

Muscovite 

Biotite 

Chlorite 

Ilmenite 1.  94 

Magnetite 2.  86 

Tourmaline 45.  95 


36.87 
49.30 


Here  wo  see  that  the  chlorite  of  the  schist  alters  to  biotite,  by  dehy- 
dration, as  the  contact  is  approached,  and  that  the  tourmaline  has 
been  formed  largely  at  the  expense  of  the  micas.  The  absence  of 
feldspar,  which  is  abundant  in  the  granite,  is  also  noticeable.  On 
the  granite  side  of  the  contact  the  rocks  are  feldspathic;  on  the  schist- 
ose side  they  are  micaceous;  at  the  contact  neither  feldspar  nor  mica 
is  shown  by  Hawes's  figures.  Probably  both  minerals  have  contrib- 
uted to  the  generation  of  tourmaline,  which  is  related  to  both.  Tour- 
maline often  alters  to  mica,  and  tourmaline  crystals  are  known  inclos- 
ing: cores  of  feldspar. 


MSTAMORPHIG   ROCKB.  621 

GNEISS. 

The  gneisses  form  the  largest  group  of  metamorphic  rocks,  and. 

represent  both  igneous  and  sedimentary  formations.     Some  of  them 

are  plutonic  rocks,  structurally  modified;  others  are  recrystalllzed 
sedimentaries.     The  term  "gneiss,"  unfortunately ,  has  been  used  in 

quite  different  senses.  For  present  purposes,  J.  F.  Kemp's  defini- 
tion ^  may  perhaps  serve  as  well  as  any.  He  defines  gneiss  as  a  ''lam- 
inated metamorphic  rock,  which  usually  corresponds  in  mineralogy 
to  some  one  of  the  plutonic  types.' '  The  gneisses ' '  differ  from  schists 
in  the  coarseness  of  the  laminations,  but  as  these  become  fine  they 
pass  into  schists  by  insensible  gradations."  Under  this  definition 
any  plutonic  rock  may  have  its  gneissoid  equivalent,  and  C.  H.  Gor- 
don '  has  proposed  to  name  the  gneisses  accordingly.  Thus  we  may 
have  granitic  gneiss,  syenitic  gneiss,  dioritic  gneiss,  etc.,  including  in 
the  series  foliated  rocks  derived  from  pyroxenite  or  peridotite.  The 
common  usage,  however,  is  not  quite  so  extreme,  and  the  term 
gneiss  is  practically  restricted  to  granular,  laminated  rocks  analogous 
in  composition  to  granite,  syenite,  or  diorite.  Chemically  these 
gneisses  differ  very  httle  from  their  igneous  equivalents,  but  those 
derived  from  sedimentary  rocks  are  likely  to  be  relatively  poor  in 
alkalies  and  to  contain  minerals  of  calcareous  origui.  In  some  cases 
gneisses  of  sedimentary  origin  contain  impurities  of  organic  deriva- 
tion, either  coaly  or  graphitic.  For  example,  in  a  gneiss  from  the 
Black  Forest,  H.  Eosenbusch  '  found  coaly  particles  which  contained 
nitrogenous  matter,  imdoubtedly  derived  from  organic  substances. 
A  convenient  aid  to  nomenclatiu*e  is  that  offered  by  Rosenbusch,^ 
who  calls  gneiss  of  igneous  origin  "  orthogneiss,"  and  that  of  sedi- 
mentary origin  '*paragneiss."  There  are  also  descriptive  names  of 
the  ordinary  character,  which  indicate  mineralogical  peculiarities. 
Chlorite  gneiss,  cordierite  gneiss,  tourmaline  gneiss,  garnet  gneiss, 
epidote  gneiss,  siUimanite  gneiss,  albite  gneiss,  muscovite  gneiss,  bio- 
tite  gneiss,  two-mica  gneiss,  plagioclase  gneiss,  and  orthoclase  gneiss 
are  names  of  this  kind.  The  sedimentary  varieties  are  also  named 
genetically,  as  peUte  gneiss,  psammite  gneiss,  arkose  gneiss,  etc., 
according  to  the  derivation  of  the  rock  from  shaly,  sandy,  or  arkose 
materials. 


>  nandbook  of  rocks,  ad  ed.,  p.  123. 

•Bull.  Geol.  Soc.  AoMrica,  toI.  7, 18B6,  p.  122 

•  Mitth.  Oroflsh-bad.  geoL  LandewmsuUt,  vcl*  4,  H«lt  1, 1900. 

*  Elemmte  der  OestAinatohre,  2d  ed.  pw  4M. 
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The  following  analyses  of  gneiss,  with  the  exception  of  the  Cana- 
dian example,  were  made  by  the  chemists  of  the  United  States  Geo- 
logical Survey: 

Analy$es  of  gnei$$es. 

A.  SedlinaiUry  gDilai,  8t.  Jmd  de  Matha,  Quebec,  Otneda.   AoAlyals  by  N.  N.  Bnyis.    Desoibed  bj 

F.  D.  Adams,  Am.  Jour.  Sd.,  Sd  Mr.,  toI.  60, 1805,  p.  67.    Adams  glvet  MTtfml  oUmt  anlysw  of  gncUses. 

B.  Quarta-bioUte-ganiet  cndii.  Fort  Ami,  New  York.  Analyilf  by  W.  F.  HiUebrand.  Reported  bf 
J .  F.  Kemp  to  contain  qoarts,  gnrnet,  biotite,  ortboolase,  some  plaglodase,  and  ilroon. 

C.  Average  sample  of  mica  gnaiss,  near  Philadelphia,  Pennsylvania.  Anal]nis  by  HUlebfmnd.  De> 
scribed  by  F.  Bascom,  Maryland  Oeol.  Survey,  Cecil  County  volume,  IMO,  p.  116.  Contains  quarts,  mas* 
oovite,  feldspars,  and  minor  accessories. 

D.  Gneiss  from  Dorsey's  Run,  Maryland.  Analysis  by  Hillebfand.  Desoffbed  by  C.  R.  Keyes,  Fif- 
teenth Ann.  Rcpt.  U.  S.  Geol.  Survey,  1806,  p.  607.    Probably  of  sedimentary  origin. 

E.  Gneiss,  probably  sedimentary.  Great  Falls  of  the  Potomac.    Analysis  by  Hillelvand.    Described  by 

G.  II.  Williams,  Fifteenth  Ann.  Rept.  U.  8.  Oeol.  Survey,  1806,  p.  670. 

F.  Biotite  gxieiss.  Upper  Quinnesec  Falls,  Menominee  River,  Michigan.  Analysis  by  R.  B.  Riggs. 
Described  by  G.  H.  Williams,  Bull.  U.  8.  Geol.  Survey  No.  62, 1800,  p.  110.  Contains  biottte,  soda  ortho- 
clase,  quarts,  and  accessory  si^ene,  sircon,  and  apatite. 

G.  Quarts-norite  gneiss,  Odessa,  Minnesota.    Analysis  by  H.  N.  Stokes.    Described  by  W.  S.  Bayley 
BtiU.  U.  8.  Geol.  Survey  No.  150, 1808,  p.  358«   Contains  quarts,  plagloolase,  and  pyroxene,  with 
biotite,  garnet,  pyrite,  and  magnetite. 
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F 
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SiOo 
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66.09 

16.37 
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6.64 

2.40 
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1.93 
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.07 
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8.19 

2.42 

1.87 

2.71 

2.86 

.24 

1.66 
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(?) 
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.22 
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4.21 
9.18 
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\      .68 

78.28 
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1.86 

1.78 

.96 

1.68 
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1.36 

.12 

.83 

.70 

67.77 
16.61 
2.06 
1.96 
1.26 
1.87 
4.36 
2.36 

1    1.69 

61.04 

AljO, 

16.97 

FcoO, 

Feb.  

4.60 

1.81 

.36 

.79 

2.60 

}    1.82 

1.66 

6.68 

MeO 

8.62 

CaO 

6.99 

Na-O 

1.96 

K,0 

.66 

H-O— 

}  ■« 

H„0-f 

T1O2 

ZrOa 

COa 

.19 

pA : 

.11 

8*   *     

Fe,Sg 

8.73 

FeS- 

4.33 

Cr-O, 

Trace. 

Trace. 
.16 
.03 

Trace. 

Trace. 

NiO 

Trace. 
.20 
Trace. 
Trace. 
None. 

MnO 

Trace. 

Trace. 

.08 
.02 

Trace. 

Trace. 

BaO 

SrO 

LLO 

a     •.«••• 

99.56 

100.12 

99.87 

100.26 

100.44 

100.11 

98.87 

In  a  broad  way  the  general  order  of  change  from  clay  to  date, 
shale,  and  metamorphic  schists  is  well  shown  by  a  series  of  averaged 
analyses  compiled  by  C.  R.  Van  Hise.*  The  analyses  chosen  for 
combination  were  all  of  pelitic  material. 

^  A  treatise  on  metamorphism:  Hon.  U.  8.  Geol.  Surrey,  vol.  47, 1904,  pp.  800, 801, 806.    Tbe  data  are  all 
to  be  found  in  BulL  U.  8.  OeoL  Bnnr^y  No.  601, 1010;  the  shale  average  on  p.  23. 
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Average  analyses  of  clay  ^  shale,  slaie^  and  Hhi»t. 


A.  Average  o(  12  vnaXyate  of  elays  and  soils. 

B.  Average  or  composite  analysis  of  78  shales. 

C.  Average  of  22  analyses  of  slates. 

D.  Average  of  5  analyses  of  sdbists. 


SiOj 54.  28 

AI2O3 '     14.  51 


FeO.. 
MgO.. 
CaO . . 


Xa2(3 


KjO. 
H2O. 
TiOj. 

CO3. 
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F... 


MiiO., 
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LijO.. 
FeSj. . 
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6.25 
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2.99 

5.04 

1.21 

2.12 

8.41 

.42 

3.53 
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.08 

.02 
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.24 


100.04 
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58.38 

15.  47 

4.03 

2.46 

2.45 

3.12 

1.31 

3.25 

5.02 

.65 

2.64 

.17 

.65 


Trace. 

None. 
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61.90 

16.54 
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2.99 
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2.57 

3.15 

3.84 
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.59 
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.03 
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Trace. 

Trace. 

Trace. 

.01 
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.11 
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65.74 

17.35 

1.90 

3.35 

1.90 

1.25 

1.78 

3.28 

2.01 

.55 

None. 

.12 

.03 

Trace. 

.07 

.03 

Trace. 

.05 

Trace. 


.58 


99.99 


In  these  Hgures,  reading  from  clay  to  schist,  we  see  a  steady  loss 
of  water  and  of  carbon  dioxide.  The  latter  has  been  gradually 
replaced  by  silica,  and  sihca  has  also  increased  in  proportion  by  its 
assumption  as  a  cementing  substance.  Ferric  iron,  furthermore,  is 
partly  reduced  to  the  ferrous  state,  and  there  is  an  apparent  gain  in 
alumina,  which  may  be  partly  real,  and  so  far  due  to  cem«[itation. 
The  averages  represent  too  few  individual  analyses  to  warrant  any 
elaborate  discussion  of  them,  but  they  serve  to  illustrate  the  general 
tendency  of  the  metamorphic  processes. 


METAMORPHIC   LIMESTONES. 

Tlie  metamorpliism  of  limestone  is  effected  by  a  variety  of  processes 
which  are  quite  distinct  in  many  particulars  from  those  outlined  in 
the  preceding  pages.  A  pure  or  relatively  pure  limestone  may  re- 
crystallize  into  a  compact  marble,  as  shown  in  the  chapter  upon  the 
sedimentary  rocks.  If  it  contains  magnesium  carbonate,  dolo- 
mite is  produced;  and  the  presence  of  iron  may  determine  the  for- 
mation of  mixed  carbonates,  such  as  ankerite  or  mesitite.  These 
changes  are  of  the  simplest  character  and  call  for  no  further  dis- 
cussion now. 
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But  pure  limeBtones  are  relatively  rare.  Sandy  or  argillaoeoiis 
impurities  are  generally  present;  and  also  silicates  produced  by  reac- 
tions with  infiltrating  waters.  When  limestones  of  this  sort  are  meta- 
morphosed, either  dynamically  or  by  contact  with  igneous  injections, 
new  minerals  are  generated,  and  the  range  of  possibilities  becomes 
very  broad.  Each  impurity  exerts  its  own  peculiar  influence,  and 
operates  to  develop  certain  individual  substances.  Organic  matter, 
for  example,  furnishes  the  material  for  graphite,  which  is  very  com- 
mon in  metamorphosed  limestones.  In  the  Adirondack  region  there 
are  numerous  beds  of  white,  crystalline  limestone,  thickly  spangjed 
with  brilliant  hexagonal  plates  of  graphite;  and  these  localities  are 
typical  of  many  others. 

When  siUca  is  the  sole  impurity  of  importance,  it  can  crystallize  as 
quartz,  or  react  with  the  calcium  carbonate  to  form  the  silicate,  wol- 
lastonite.  No  more  Umpid  crystals  of  quartz  are  known  than  those 
found  in  the  cavities  of  Carrara  marble.  As  for  woUastonite,  CaSiO„ 
it  is  often  formed  at  contacts  between  hmestone  and  igneous  rocks, 
and  it  is  also  found  disseminated  through  schists  and  gneisses.  It 
must  be  remembered  that  shales  and  sandstones  often  contain  cal- 
careous matter,  which  undergoes  the  same  transformations  that  the 
concentrated  Umestones  experience.  Calcium  carbonate  in  a  siliceous 
sedimentary  rock  may  easily  become  the  progenitor  of  woUastonite, 
garnet,  scapohte,  epidote,  and  other  calciferous  species.  Carbon 
dioxide  is  expelled,  and  silicates  are  produced. 

The  development  of  woUastonite  at  an  igneous  contact,  or,  indeed, 
in  any  metamorphic  rock,  has  pecuUar  geologic  significance.  E.  T. 
AUen  and  W.  P.  White*  have  shown  that  this  mineral  can  be  formed 
only  at  temperatures  not  exceeding  1,180°.  Above  that  temperature 
it  passes  into  the  pseudohexagontd  modification,  which  has  often  been 
prepared  artificiaUy,  but  is  unknown  as  a  natural  species.  The 
presence  of  woUastonite,  then,  is  evidence  that  the  rock  containing  it 
had  recrystallized  at  some  temperature  below  the  transition  point. 
If  that  degree  of  heat  were  ever  exceeded  in  a  contact  zone,  we  should 
expect  the  pseudohexagonal  sihcate  to  appear;  since  it  does  not,  we 
are  justified  in  assuming  that  this  form  of  metamorphism  is  always 
effected  at  lower  temperatures.  We  thus  obtain  a  defimte  datum 
point  in  what  has  been  caUed  the  ** geologic  thermometer.'' 

The  recrystallization  of  a  sedimentary  limestone  containing  limo- 
nitic  impuritie©  or  hydroxides  of  aluminum  wiU  obviously  produce 
inclusions  of  magnetite,  hematite,  or  conmdum.  Magnetite  has  often 
been  identified  in  crystalline  Umestones,  and  similar  occurrences  of 
corundum  are  not  uncommon.  The  Burmese  rubies,  for  example,  are 
found  in  cr3rstaUine  Umestone,  and  so^  too,  are  the  red  and  blue 

1  Am.  Jour.  Sci.,  4th  ser.,  vol.  21, 1906,  p.  89.    The  memoir  is  prefac'od  by  a  note  from  O.  P, 
points  out  the  geologic  bearing  of  the  observations. 
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conindums  of  Newton,  New  Jersey.  When  almBaina  and  silica  are 
present  together,  the  reaction  with  calcium  carbonate  leads  to  the 
formation  of  various  silicates,  the  conditions  which  determine  the 
appearance  of  each  one,  however,  not  being  definitely  known.  Cin- 
namon garnet,  vesuvianite,  epidote,  zoisite,  and  the  scapoUtes  are 
among  the  species  which  appear  most  frequently.  6ehl^nite  also 
occurs,  but  more  rarely;  for  example,  in  marble,  at  the  classical 
locality  of  Monzoni  in  the  Tyrol.*  Metamorphosed  limestone  with 
inclusions  of  this  class  are  common;  for  instance,  in  a  belt  extending 
from  southwestern  Maine  to  central  Massachusetts.  From  two  points 
in  this  belt,  at  Raymond  and  Phippsburg,  Maine,  crystallized 
anorthite  has  also  been  identified  by  analyses  made  in  the  laboratory 
of  the  United  States  Geological  Survey.'  The  other  feldspars  as  well, 
albite,  orthoclase,  and  the  plagioclases,  are  known  as  contact  minerals 
or  inclusions  in  crystalline  limestones,'  and  also  the  micas  muscovite, 
biotite,  and  phlogopite.  Phlogopite  is  essentially  a  mineral  of  this 
group  of  rocks,  its  formation  and  that  of  biotite  requiring  the  presence 
of  magnesium  compounds.  To  form  scapohtes,  sodium  chloride  is 
necessary,  but  that  may  easily  come  from  percolating  waters,  or 
from  apatite.  The  alkaUes  required  by  the  feldspars  and  micas  may 
have  a  similar  origin,  or  else  be  derived  from  impurities  in  the  sedi- 
ments from  which  the  limestones  were  formed. 

Nearly  all  Umestones  are  more  or  less  magnesian  or  ferruginous, 
facts  which  determine  the  formation  of  many  metamorphic  minerals. 
Magnesia,  for  instance,  may  crystallize  by  itself  as  periclase,  and 
that  species  alters  into  brucite.  Magnesia  and  alumina  together  give 
rise  to  spinel.  With  sihca,  magnesian  silicates,  often  ferriferous, 
may  form,  such  as  forsterite,  oUvine,  enstatite,  and  hypersthene. 
With  lime  and  magnesia  together,  monticeUite  is  produced,  and  also 
a  wide  range  of  pyroxenes  and  amphiboles.  Augite,  hornblende, 
diallage,  diopside,  actinoUte,  and  tremolite  are  common  in  meta- 
morphic limestones,  and  the  minerals  of  the  chondrodite-humite 
series  are  also  characteristic  of  these  rocks  in  many  localities.  The 
white,  yellow,  and  brown  magnesian  tourmalines  are  other  species  of 
this  class.  Furthermore,  the  oUvines,  pyroxenes,  amphiboles,  and 
chondrodites  alter  into  serpentine  and  talc,  forming  the  ophicalcite 
marbles  or  verde  antique.* 

I  See  C.  Doelter,  Jahrb.  K.-k.  geol.  Reichsanstalt,  1875,  p.  239.  Doelter  also  reports  hematite  In  these 
marbles;  and  it  has  been  identified  by  O.  d'Achiardi  in  Carrara  marble. 

*  BulL  U.  8.  Geol.  Survey  No.  220, 1903,  p.  27.  Anorthite  also  occurs  in  the  marble  of  Monzoni,  in  the 
Tyrol.    See  O.  vom  Rath,  Zeitschr.  Deatsch.  geol.  Gesoll.,  vol.  27, 1K75,  p.  379. 

*  See,  for  example,  O.  Linck,  Neoes  Jahrb.,  1907,  p.  21,  on  orthoclase  from  the  dolomite  of  Campolongo. 

*  In  Hon.  U.  S.  Oeol.  Survey,  vol.  46, 1904,  p.  221,  W.  S.  Bayley  described  a  taloose  schist  from  the  Aragon 
iron  mine,  Biichigan,  which  was  probably  derived  from  a  dolomite.  An  analysis  of  it,  by  G .  Steiger,  is 
given,  and  also  its  mineralogical  composition.  On  the  origin  of  secondary  silicates  in  limestones  see  W.  L. 
Uglow,  Econ.  Geology,  vol.  8, 1913,  pp.  19,  215. 

113750^— 19— Bull.  695 40 
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In  a  Scottish  dolomitic  marble  containing  forsterite,  tremolite, 
diopside,  and  hrucite,  J.  J.  H.  Teall '  has  observed  a  dedolomitization 
due  to  the  silication  of  the  double  carbonate.  That  changes  U) 
diopside  without  change  of  ratios,  and  the  partly  altered  rock  shows 
the  two  species  in  juxtaposition.  The  metamorphosis  was  effected 
by  a  plutonic  intrusion,  and  where  silica  was  deficient,  brucite 
appeared.  Probably  in  the  latter  case  magnesium  carbonate  was  first 
reduced  to  periclase,  MgO,  which  was  later  hydrated  to  brucite, 
MgOjH,.  The  mixture  of  calcite  and  brucite  is  identical  with  the 
predazzite  of  the  Tyrol.*  It  may  be  noted  that  certain  of  the  Adi- 
rondack limestones  are  regarded  by  J.  F.  Kemp  •  as  having  been 
originally  siliceous  dolomites,  in  which  the  silica  and  magnesia  have 
segregated  as  pyroxene.  In  northern  New  Jersey,  according  to  L.  G. 
Westgate,*  a  quartz  rock  and  a  quartz-pyroxene  rock  have  be«i 
formed  by  the  metamorphism  of  limestones. 

In  addition  to  the  minerals  already  named,  the  crystalline  lime- 
stones contain  many  other  less  important  species.  Apatite,  fluorite, 
nitile,  perofskite,  titanite,  dysanalyte,  and  zircon  are  among  them. 
By  the  reduction  of  sulphates,  a  considerable  nimiber  of  sulphides 
may  be  formed.  At  Carrara,  for  instance,  G.  d'Achiardi*  found 
realgar,  orpiment,  sphalerite,  pyrite,  arsenopyrite,  galena,  chalcocite, 
and  tetrahedrite ;  and  also  native  sulphur  and  gypsum.  Pyrrhotite 
and  molybdenite  have  been  identified  at  other  localities,  and  in  the 
famous  Binnenthal,  in  Switzerland,  several  rare  sulphosalts  occur 
in  a  crystalline  dolomite.  In  short,  the  list  of  minerals  now  known 
as  existing  in  metamorphosed  limestones  must  comprise  at  least 
70  species,  and  possibly  more.' 

The  rocks  thus  formed  from  limestones  and  dolomites,  or  from 
mixtures  of  these  with  siliceous  material  can  vary  from  a  nearly 
pure,  recrystallized  carbonate  to  an  indefinite  aggregate  of  silicates 
alone.  Even  in  a  single  bed  the  rocks  may  range  from  one  extreme 
to  the  other.  Analyses  of  such  rocks,  therefore,  have  little  signifi- 
cance and  are  not  often  made.  Three  examples  from  the  silicate  side 
of  the  group  may  serve  to  illustrate  the  variety  of  composition : 

>  G€ol.  Mag.,  1903,  p.  513.  A  similar  example  is  reported  by  F.  U.  Hatch  and  R.  H.  Rentall,  Quart. 
Jour.  Ocol.  Soc.,  vol.  66, 1910,  p.  807.    Sec  also  T.  Crook,  Oeol.  Mag.,  1914,  p.  339. 

*  See  ante,  p.  572. 

>  Bull.  Geol.  Soc.  America,  vol.  6, 1894,  p.  241.  In  the  same  volume,  p.  263,  C.  U.  Smyth  discusses  another 
group  of  Adirondack  limestonea  which  were  metamorphosed  along  contacts  with  gabbro. 

«  Am.  Geologist,  vol.  14, 1894,  p.  306. 

» Atti  Soc.  toscana  sd.  nat.,  Fisa,  vol.  21, 1906. 

•  A  list  Ls  given  by  F .  Zirkel  in  Lehrbuch  der  Petrographie,  2d  ed.,  vol.  3,  p.  448.  See  also  B .  iJnH«mM^n^ 
Neuos  Jahrb.,  Beil.  Band  19, 1904,  p.  197.  For  the  Ceylonese  localities,  see  A.  K.  CoomirapSw4imy,  Quart. 
Jour.  Geol.  Soc.,  vol.  5^  1902,  p.  390.  J.  F.  Kemp  and  A.  HoUick  have  described  the  crystidlliie  Humm^^immw 
of  Warwick,  New  York,  in  Annals  New  York  Acad.  8d.,  vol.  7, 1898,  p.  644. 
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Analyses  of  nietamorpkic  silicate  rocks. 

A.  WoUastODite  gneiss,  Amador  County,  California.  Analysis  by  W.  F.  Hlllebrand.  Described  by 
H.  W.  Turner,  Seventeenth  Ann.  Rept.  U.  ^.  Qeol.  Survey,  pt.  1, 1896,  p.  521.  Consists  mainly  of  wollas- 
Umite,  but  garnet,  quartz,  and  titanite  are  also  present. 

B.  Prehnite  rock.  Black  Forest,  Germany.  Analysis  by  C.  Scbnarrenberger.  Described  by  H.  Rosen- 
bush,  Mitt.  Grossh.  bad.  geol.  Landesanstalt,  vol.  5,  Heft  1, 1906.  Estimated  to  contain  46.2  per  cent  preh- 
nite, 37.9  albite,  13.8  actinollte,  and  3.2  kaolin  and  nontranite.  Probably  formed  f^om  a  marl  containing 
i4.5  per  cent  of  carbonates  with  65.5  silicates  and  quarts. 

C.  Garnet  rock.  Black  Forest.  Analysis  by  Scbnarrenberger.  Described  by  Rosenbusch,  loc.  cit. 
Probably  derived  firom  an  original  mixture  of  48  per  cent  carbonates  and  52  of  silicates,  chiefly  kaolin.  Con- 
tains about  75  per  cent  garnet,  10  per  cent  soda-potash  mica,  and  15  per  cent  homblende. 
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DIAGNOSTIC   CRITERIA. 

It  is  generally  desirable,  but  not  always  easy,  in  the  study  of  a 
metamorphic  rock,  to  determine  whether  it  was  of  igneous  or  sedi- 
mentary parentage.  For  this  purpose  various  criteria  have  been 
proposed,  and  chemical  analysis  furnishes  some  of  them.  On  the 
chemical  side  the  problem  has  been  well  discussed  by  E.  S.  Bastin,* 
who  points  out  a  number  of  possibilities. 

First,  a  study  of  analyses  by  the  methods  laid  down  in  the  quan- 
titative classification  of  igneous  rocks.  In  many  cases  the  *'norm" 
of  a  sedimentary  rock  is  identical  with  that  of  some  igneous  rock,  as 
shown  in  Washington's  tables.'  In  such  instances  no  definite  con- 
clusion can  be  reached  from  chemical  evidence  alone.  But  if  the 
''norm''  agrees  with  that  of  no  known  igneous  rock,  the  analysis 
probably,  but  not  certainly,  indicates  a  sedimentary  origin. 

Secondly,  the  manner  in  which  the  sedimentaries  are  formed 
suggests  other  chemical  criteria.  In  most  igneous  rocks  soda  is  an 
excess  of  potash,  but  decomposition  changes  the  ratio,  which,  in 
sedimentary  rocks,  is  often  reversed.     Dominance  of  potash  over 

» Jour.  Geology-,  vol.  17,  1909,  p.  445.  See  also  J.  D.  Trueraan,  idem,  vol.  20,  1912,  p.  311,  and  rejoinder 
by  Bastin,  Idem,  vol.  21, 1913,  p.  103. 

s  Tor  example,  an  amphlbolite  derived  from  a  granitic  intrusion  in  limestone  was  stiown  by  F.  D.  Adams 
(Jour.  Geology,  vol.  17, 1909,  p.  1)  to  fall  under  the  heading  of  auvergnose. 
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soda,  then,  is  an  indication  of  sedimentary  origin.  Dominance  of 
magnesia  over  lime  is  another  similar  criterion,  and  any  excess  of 
almnma  over  the  1:1  ratio  necessary  to  balance  Ume  and  alkalies 
18  still  another.  Unusually  high  silica  also  affords  presumptive  evi- 
dence, which  by  itself  is  not  conclusive,  that  a  rock  was  derived  from 
sediments.  When  two  of  these  criteria  are  applicable  to  a  meta- 
morphic  rock,  there  is  a  strong  presumption  established  in  favor  of 
its  former  sedimentary  character.  When  three  apply,  the  conclu- 
sion is  almost  certain,  and  the  concurrence  of  all  amounts  to  positive 
proof.  The  analyses,  however,  must  relate  to  fresh,  imweathered 
material,  and  the  criteria  proposed  apply  only  to  silicates  which  might 
be  metamorphosed  plutonics  or  eruptives. 


CHAPTER  XV. 

METALLIC  ORES. 

DEFINITION. 

From  a  strictly  scientific  point  of  view,  the  terms  metallic  ore  and 
ore  deposit  have  no  clear  significance.  They  are  purely  conventional 
expressions,  used  to  describe  those  metalliferous  minerals  or  bodies 
of  mineral  having  economic  value,  from  which  the  useful  metals  can 
be  advantageously  extracted.  In  one  sense,  rock  salt  is  an  ore  of 
sodium,  and  limestone  an  ore  of  calciimi;  but  to  term  beds  of  these 
substances  ore  dep6sits  would  be  quite  outside  of  current  usage. 

In  the  previous  chapters  of  this  work  several  forms  of  ore  deposit 
have  been  described;  and  therefore  the  present  chapter  is  in  some 
measure  supplementary.  Its  purpose  is  to  deal  with  the  subject 
more  fuUy,  and  especially  to  give  details  concerning  certain  groups 
of  ores  which  have  been  left  out  of  account  hitherto.  Little  has 
been  said  so  far  of  the  sulphides,  and  these  are  among  the  most 
important  of  economic  minerals.  Their  genesis,  their  deposition  in 
veins  or  pockets,  their  alterations  and  transferences  are  yet  to  be 
considered. 

Upon  the  classification  of  ore  deposits  there  has  been  much 
controversy,  and  various  systems  are  in  vogue.*  To  the  geologist 
or  miner  this  question  is  most  important;  to  the  chemist  it  is  less 
fundamental.  Regarded  from  the  genetic  side,  a  laige  part  of  the 
field  has  been  already  covered;  and  it  is  easy  to  see  that  many  ore 
deposits,  if  not  all,  fall  under  the  headings  of  earlier  chapters.  For 
example,  certain  metaUic  ores  occur  as  volcanic  sublimates;  others, 
like  the  titaniferous  magnetites,  are  magmatic  segregations,  or  local 
developments  of  igneous  rocks.  The  sands  and  gravels  that  yield 
chromite,  tinstone,  gold,  platiniun,  etc.,  are  detrital  in  character; 
many  manganese  and  iron  ores  are  sedimentary  rocks,  and  from  the 

*  For  recent  papers  and  works  on  this  subject,  see  F.  PoSepn^,  Trans.  Am.  Inst.  Mln.  Eng.,  vol.  23, 1893, 
p.  197;  J.  H.  L.  Vogt,  idem,  vol.  31, 1901,  p.  125;  L.  De  Launay,  Contribution  k  I'^tude  des  g;ttesm6talli- 
tbtea,  Paris,  1897;  J.  F.  Kemp,  Ore  deposits  of  the  United  States  and  Canada,  New  York,  1900;  W.  H. 
Weed  and  J.  E.  Spurr,  Eng.  and  Min.  Jour.,  vol.  75, 1903,  p.  256;  R.  Beck,  Lehre  von  den  Enlagcrst&ttcn, 
Berlin,  1903,  and  its  English  translation  by  Weed,  New  York,  19ay,  A.  W.  Stelzner  and  A.  Bcrgeat,  Die 
Erzlagerstatten,  Leipzig,  1904;  C.  R.  Van  Hise,  A  treatise  on  metamorphism:  Mon.  U.  8.  Geol.  Survey, 
vol.  47,  1904,  chapter  12;  W.  H.  Weed,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  33,  1903,  p.  717;  C.  R.  Keyes 
idem,  vol.  30, 1900,  p.  323;  O.  Ottrich,  Zdtschr.  prakt.  Geologie,  1899,  p.  173:  F.  Beyschlag,  T.  Krusch, 
and  J.  H.  L.  Vogt,  Die  Lagerst&tten  der  nutzbaren  Mineralien  und  Gesteine,  Stuttgart,  1910.  An  English 
translation  of  vol.  1  appeared  in  1914.  On  pp.  147-158  there  is  an  elaborate  discussion  of  the  relative 
abundance  of  the  heavy  metals.  Mineral  deposits.  New  York,  1913,  by  W.  Lindgren,  is  an  excellent  treatise 
on  the  subject.    The  annual  reports  of  the  U.  S.  GeoL  Survey  on  mineral  resources  are  rich  in  references 

to  American  localities. 
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latter  motamorphic  beds  of  inagiietito  or  hematite  are  derived.  Some 
ore  bodies  are  residues  from  the  concentration  of  Umestones;  otbem 
represent  metasomatic  replacements;  others  again  are  deposited  or 
precipitated  from  solutions.  In  short,  an  ore  body  is  simply  a 
concentration  of  certain  compounds  of  certain  metals  effected  by 
processes  with  which  we  are  already  familiar.  Since,  however,  each 
metal  forms  its  own  special  compounds,  and  exhibits  reactions 
pecuhar  to  itself,  it  is  best  for  chemical  purposes  to  adopt  a  chemical 
classification,  with  which  the  broad,  general  principles  can  be  corre- 
lated. Each  metal,  therefore,  will  be  treated  by  itself  as  a  chemical 
individual  and  from  a  chemical  point  of  view.  (Jeologically  it  is 
imnortant  to  know  whether  an  ore  deposit,  laid  down  from  solution, 
occupies  the  pores  of  a  sandstone,  a  hmestone  cavern,  or  a  fissure 
in  the  rocks;  and  it  is  also  desirable  to  ascertain  how  these  cavities 
or  crevices  were  formed.  To  the  chemist  these  considerations  are 
for  the  most  part  irrelevant;  but  the  conditions  under  which  given 
compounds  can  be  dissolved  or  precipitated  are  fundamental.  What 
are  the  components  of  ore  bodies?  How  were  they  produced? 
In  what  way  are  they  redistributed  ?  These  are  some  of  the  questions 
which  the  chemist  is  expected  to  answer.  The  details  must  be 
studied  with  reference  to  the  individual  metals;  but  some  general 
considerations  require  attention  first. 

SOURCE  OF  METALS. 

Although  the  immediate  derivation  of  metallic  ores  is  often  from 
sedimentary  rocks,  the  original  source  of  the  metals  is  to  be  sought 
in  the  igneous  magmas.*  In  igneous  rocks  of  some  sort  the  metals 
were  once  diffused,  and  their  presence  in  eruptive  material  is  easily 
detected.  G.  Forchhammer  *  in  a  series  of  rock  samples  found  traces 
of  silver,  copper,  lead,  bismuth,  cobalt,  nickel,  zinc,  arsenic,  anti- 
mony, and  tin,  to  say  nothing  of  the  commoner  metals,  iron  and  man- 
ganese. Some  of  the  same  elements  were  found  in  the  ashes  of  plants, 
which  had  extracted  them  from  the  soil.  From  these  experiments 
Forchhammer  concluded  that  ore  bodies  derived  their  contents  from 
the  neighboring  rocks,  a  conclusion  at  which  other  investigators  have 
also  arrived.  In  an  elaborate  series  of  researches  F.  Sandberger,' 
found  that  the  dark  silicates  of  many  rocks  contained  lead,  copper, 
tin,  antimony,  arsenic,  nickel,  cobalt,  bismuth,  and  silver,  and  upon 
these  facts  he  based  his  famous  theory  of  ''lateral  secretion."  That 
is,  Sandberger  concluded  that  metalliferous  veins  derived  their  me- 
tallic contents  by  lateral  leaching  from  adjacent  rocks.     This  theory, 

»  C.  R.  Keyes  (Bull.  Am.  Inst.  Min.  Eng.,  1910,  p.  527)  has  suggested  the  possible  deriratioii  of  heavy 
metals  from  moteoritic  matter,  especially  meteoric  du5t. 

«  Pogg,  Annalen,  vol.  W,  p.  60. 

I  Untorsuchungen  iiher  Erzgiiiige,  Wieslmden,  lKg2  and  1885.  See  also  Neues  Jahrb.,  187S,  p.  291,  on 
copper,  lead,  cobalt,  and  antimony  in  basalt. 
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however,  was  subjected  to  much  criticism  by  A.  Stelzner,  F.  PoSepn^^, 
&nd  others,^  it  being  shown  that  in  some  instances  at  least  the  country 
rocks  might  have  received  secondary  impregnations  from*  the  veins. 
In  other  investigations,  some  earlier  and  some  more  recent,  the  dis- 
semination of  heavy  metals  in  igneous  rocks  is  clearly  proved.  A. 
Daubr6e '  found  determinable  quantities  of  arsenic  and  antimony  in 
basalt — ^namely,  0.01  gram  of  As  and  0.03  of  Sb  to  the  kilogram. 
The  same  metals,  together  with  lead  and  copper,  were  detected  by 
G.  F.  Becker  ^  in  the  fresh  granites  near  Steamboat  Springs,  Nevada. 
In  the  porphyries  of  Leadville,  Colorado,  W.  F.  Hillebrand  *  was 
able  to  determine  lead.  Out  of  18  samples,  taken  at  points  distant 
from  ore  bodies,  three  contained  no  lead,  the  richest  carried  0.0064 
per  cent,  and  the  average  was  0.002  per  cent  of  PbO.  One  porphyry 
yielded  0.008  per  cent  of  zinc  oxide,  and  a  rhyolite  contained  0.0043 
per  cent.  Silver  was  also  foimd  in  these  rocks  in  variable  quantities, 
the  best  average  giving  0.0265  oimce  per  ton.  Gold,  although  some- 
times present  in  traces,  was  generally  not  foimd.  Traces  of  silver 
in  diabase  and  diorite  are  reported  by  G.  F.  Becker "  near  Washoe, 
Nevada,  and  in  the  quartz  porphyry  of  Eureka  J.  S.  Curtis  •  foimd 
both  gold  and  silver.  Silver,  according  to  S.  F.  Emmons,^  is  also 
present  in  the  eruptive  rocks  of  Custer  County,  Colorado,  and  J.  W. 
Mallet  foimd  it  in  volcanic  ash  from  two  points  in  the  Andes.  Ash 
from  Cotopaxi  *  carried  silver  to  the  extent  of  1  part  in  83,600,  and 
ash  from  Tunguragua  •  yielded  1  part  in  107,000.  The  latter  quan- 
tity is  very  near  Hillebrand's  average  for  the  Leadville  porphyries, 
which  is  equivalent  to  1  part  in  110,000.  In  recent  volcanic  ash 
from  Vesuvius  E.  Comanducci  ^®  found  0.0854  per  cent  of  copper 
oxide,  with  0.0038  of  cobalt  oxide. 

In  four  rocks — granite,  porphyry,  and  diabase  from  the  Archean 
of  Missouri — J.  D.  Robertson  "  determined  the  following  percentages 
of  lead,  zinc,  and  copper: 

Pb,  0.00197  to  0.0068;  average,  0.004. 
Zn,  0.00139  to  0.0176;  average,  0.009. 
Cu,  0.00240  to  0.0104;  average,  0.006. 

The  adjacent  Silurian  and  Carboniferous  limestones  also  contained 
these  metals,  but  in  slightly  smaller  proportions. 

» A.  Stelzner,  Zeltschr.  Deutsch.  geol.  Gesell.,  vol.  31, 1879,  p.  644,  and  rejoinder  by  F.  Sandber^r,  idem, 
▼oL  23, 1880,  p.  350.    F.  ToSepn^,  Trans.  Am.  Inst.  MIn.  Eng.,  vol.  23, 1893,  pp.  247-254. 

•  Compt.  Rend.,  vol.  32, 1851,  p.  827. 

•  Mon.  U.  S.  Geol.  Survey,  vol.  13, 1888,  p.  350. 

•  Idem,  vol.  12, 1886,  pp.  591-594. 

» Idem,  vol.  3, 1882,  pp.  223-227.    Assays  by  J.  S.  Curtis. 

•  Idem,  vol.  7, 1884,  pp.  80-92. 

» Seventeenth  Ann.  Kept.  U.  S.  Geol.  Survey,  pt.  2, 189G,  p.  471.    Assays  by  L.  G.  Ealdns. 

•  Chem.  News,  vol.  55, 1887,  p.  17. 

•  Proc.  Roy.  Soc.,  vol.  47, 1890,  p.  277.  > 
»  Gazi.  chim.  ital.,  vol.  30,  pt.  2, 1906,  p.  797. 

»  Missouri  Geol.  Survey,  vol.  7, 1894,  pp.  479-481. 
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Acxx>rding  to  L.  Dieulafait,*  who  t<»ted  hundreds  of  rocks,  ano 
and  copper  are  always  to  be  detected,  and  they  are  also  present  in 
sea  waU'tr.  Copper  salts,  it  will  be  remembered,  are  often  fomid 
among  the  sublimates  of  Vesuvius,  Stromboli,  and  Etna,  and  A.  B. 
Lyons '  obsened  copper  sulphate  in  the  crater  of  Kilauea.  In  15 
Hawaiian  lavas  Lyons  found  from  0.07  to  0.48  per  cent  of  copper 
oxide;  in  average,  0.18  per  cent.  G.  Steiger,  however,  in  the  labora- 
tory of  the  United  States  Geological  Survey,  analyzed  a  oomposita 
sample  of  71  Hawaiian  lavas  and  found  only  0.0155  per  cent  of  cop- 
per, showing  that  Lyons 's  figures  are  doubtless  much  too  high.  A 
large  series  of  igneous  and  metamorphic  rocks  of  British  Guiana, 
analyzed  by  J.  B.  Harrison,'  also  yielded  appreciable  quantities  of 
copper,  with  sometimes  other  heavy  metals.  In  36  rocks  examined 
6  contained  no  copper,  12  contained  in  it  traces,  and  one,  a  feldspathie 
tuff,  carried  0.13  per  cent.  The  average  percentage  of  copper  for  the 
entire  series  was  0.025.  In  23  samples  lead  was  sought  for  and  found 
in  5  of  them,  the  maximum  percentage  being  0.02  per  cent.  Eight 
rocks  yielded  silver,  from  4  to  54  grains  per  ton  of  2,240  pounds,  ia 
average,  25.5  grains;  and  out  of  29  rocks  only  1  was  free  from  gold. 
The  highest  gold  was  43  grains  per  ton ;  the  mean  was  6.5  grains. 

Even  more  positive  evidence  as  to  the  wide  distribution  of  the 
heavy  metals  was  obtained  by  F.  W.  Clarke  and  G.  Steiger.^  Large 
composite  samples  of  igneous  rocks,  clays,  and  river  silt  were  ana- 
lyzed, and  in  them  copper,  lead,  ziric,  nickel,  and  arsenic  were  deter- 
mined. The  results  obtained,  in  percentages,  appear  in  the  following 
table: 

Percentage*  of  heavy  metals  in  tttmpotUe  samples. 


A.  The  "red  clay  "  of  the  oceanic  depths.  Composite  of  51  8ampl«[(,  dredged  from  the  sea  botioB  and 
representative  of  all  the  great  oceans.  The  Iarf;flr  part  of  this  material  was  collected  by  the  CkaHe»ifer 
Expedition.  Determinations  (by  E.  C.  Sullivan)  of  Ciif*,  ZnO,  Pbo,  and  AjuOj  made  on  IS^-fram 
portians. 

D.  "  Terrigenous  clays/'  from  oceanic  depths  of  140  to  2,12u  fathoms.  Cumposite  of  .')2  sampleii,  namely 
4  "green  muds  "  and  48  "blue  muds, "  also  mainly  from  the  Chanm^er  Expeditifln.  Determinatkinsmade 
on  300-gram  portions. 

r.  Composite  of  235  samples  of  Mississippi  silt.    For  the  heavy  metals  2iiO-gram  portionH  were  taken. 

I).  Composite  of  329  igneous  rocks,  all  American.    Determinations  en  WVgram  portions. 
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.0022 
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.0049 


>  Annales  chim.  phys.,  Sth  ser.,  vol.  18, 1879,  p.  349;  vol.  21, 1880,  p.  256. 

<  Am.  Jour.  Sci.,  4th  ser.,  vol.  2, 189G,  p.  424.  In  andesite from  Lautoka,  Fiji,  H.  I.  lenaon  found  0.034 
per  cent  of  copper,  on  an  average.  Chem.  News,  vol.  96, 1907,  p.  245.  The  same  qmitity  was  found  by 
R.  C.  Wells  in  a  sample  of  the  Columbia  River  basalt,  which  covers  a  large  area. 

*  Rept.  on  petrography  of  Cuyuni  and  Maxaruni  districts,  Oeorigetown,  Dememm,  19QS.  On  gold  and 
silver  in  diabase,  French  Guiana,  see  £.  D.  Levat,  Annales  des  mines,  9th  aer.,  toI.  13,  ISM,  p.  9SK>;  and 
also  in  Min.  Industry,  vol.  7,  p.  315. 

*  Jour.  Washington  Acad.  Sci.,  vol.  4, 1914,  p.  58. 
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In  the  foregoing  pages  only  a  part  of  the  available  evidence  has 
heen  presented,  but  it  is  enough  to  establish  the  point  at  issue.  The 
heavy  metals  are  widely  disseminated,  both  in  old  and  in  recent 
igneous  rocks,  from  which,  by  proper  methods,  they  can  be  concen- 
trated. In  the  laboratory  of  the  United  States  Geological  Survey 
such  metals  as  nickel  and  chromium  are  often  quantitatively  esti- 
mated, as  shown  in  the  table  on  page  28.  Copper  is  determined 
m  exceptional  cases  only,  but  indications  of  its  presence  are  fre- 
quently observed.  Of  its  wide  distribution  in  igneous  rocks  there  is 
no  shadow  of  a  doubt.  From  the  rocks  all  of  these  metals  are 
leached,  and  traces  of  them  accumulate  in  the  sea.  From  the  sea 
water  the  heavy  metajs  are  to  some  extent  absorbed  by  living  organ- 
isms, and  the  presence  of  copper  in  oysters  has  long  been  known.  In 
a  recent  investigation  by  A.  H.  Phillips  ^  copper,  zinc,  iron,  manga- 
nese, and  in  two  instances  lead  were  detected  in  the  soft  parte  of 
moUusks,  crustaceans,  and  other  marine  invertebrates,  although  in 
very  minute  proportions.  Whether  these  observations  have  any 
direct  bearing  upon  the  formation  of  ore  bodies  is  very  doubtful. 
The  heavy  metals  also  appear  in  many  mineral  springs,*  a  fact  which 
is  capable  of  more  than  one  interpretation.  Such  a  spring  may  derive 
its  contents  from  dispersed  material,  or  it  may  rise  from  a  s^regated 
body  of  ore ;  its  composition,  therefore,  merely  tells  us  that  the  metal- 
liferous compounds  are  more  or  less  freely  soluble.  The  traces  of 
these  metals  are  as  a  rule  more  easily  detected  in  the  sediments  than 
in  the  waters  themselves — that  is,  they,  become  concentrated  in  the 
insoluble  precipitates  that  spring  waters  often  deposit. 

That  sulphides  of  the  heavy  metals  can  be  dissolved  in  or  decom- 
posed by  water  alone,  there  is  some  experimental  evidence.  P.  De 
Clermont  and  J.  FrommeP  found  that  sulphides  of  iron,  nickel, 
cobalt,  antimony,  arsenic,  silver,  and  tin  were  attacked  by  boiling 
water,  hydrogen  sulphide  being  driven  off.  Some  were  acted  upon 
even  at  temperatures  below  100°;  AS2S8  at  22°,  FeS  at  56°,  Ag^  at 
89°,  and  SbjS,  at  95°.  The  sidphides  of  copper,  zinc,  mercury,  cad- 
mium, gold,  platinum,  and  molybdenum,  treated  in  the  same  way, 
gave  no  evidence  of  decomposition. 

C.  Doelter's  experiments  *  were  conducted  differently.  The  nat- 
ural sulphides,  in  fine  powder,  were  heated  with  water  in  glass 
tubes  to  80°  during  periods  of  30  to  32  days.  In  a  second  series  of 
experiments  lasting  24  days,  a  solution  of  sodium  sulphide  was  used 

>  Carnegie  lost.  Washingtoa,  Pab.  No.  2S1, 1917,  p.  89.    For  other  citations  see  Clarke  and  Wheeler,  Prof. 
Piper  U.  S.  Geol.  Survey  No.  102, 1917,  p.  51. 

>  See  ante,  p.  184,  for  example. 

*  Annales  chim.  phys.,  5th  ser.,  vol.  IS,  1879,  p.  189. 

*  Mln.  pet.  Mitt.,  vol.  11, 1890,  p.  319.    Reaeareb  continued  by  O.  A.  Binder,  idem,  vol.  12, 1891,  p.  332. 
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instead  of  water.    The  following  percentages  of  material  passed  into 

Bohition: 

Material  dis9olred/rom  natural  sulphides  in  unter  and  in  sodium  sulphide  sohititm. 


Galena 

fitibnite 

Pyrite 

Blende 

Chalcopyrite 

Boumonite 

Arsenopyrite 1.  5 


! 

Water 

!         ftlOOB. 
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Wfth 

1 

!      1.79 

2.S 

6.01 

AIL 

2.99 

10.6 

.025 

.62 

.1669 

.U 

2. 075 

3.9 

1.5 

3.2 

In  most  of  these  experiments,  but  not  in  all,  the  dissolved  substance 
had  the  same  composition  as  the  original  material.  That  is,  the 
minerals  dissolved  as  such,  without  decomposition — a  conclusion  that 
was  strengthened  by  the  observation  that  in  most  cases  new  dystal- 
lizations  were  formed.^ 

According  to  Doelter,  then,  sulphides  may  be  dissolved  and  recrys- 
tallized  from  water  alone.  This  is  important,  but  not  a  complete 
indication  of  what  occurs  in  nature.  Natural  waters,  as  we  well 
know,  are  not  pure,  but  charged  with  various  dissolved  salts,  which 
exert  a  varying  influence  upon  the  solution  of  sulphides.  They  also 
contain  carbonic  acid,  and  sometimes  also  the  stronger  mineral 
acids;  and  surface  waters  carry  dissolved  oxygen.  All  of  these 
impurities  take  part  in  the  solution,  concentration,  and  redistribu- 
tion of  metallic  ores,  and  their  effects  are  furthermore  varied  by 
differences  of  temperature.  A  hot  water,  rising  from  great  depths 
and  free  from  oxygen,  produces  one  set  of  changes;  a  cold  surface 
water,  highly  oxygenated,  .acts  quite  differentlj'.  Direct  solution  of 
ores  is  more  likely  to  occur  in  the  one  case,  oxidation  to  soluble  salts 
is  commonly  evident  in  the  other.  The  main  fact,  that  solution  is 
effected  in  one  way  or  another,  is  well  illustrated,  not  only  by  the 
composition  of  mineral  springs,  but  also  by  the  analyses  of  mine 
waters.  For  example,  in  a  water  from  a  mine  shaft  near  Broken 
Hill,  J.  C.  H.  Mingaye^  found,  in  grains  per  gallon,  8.40  copper, 
10.67  zinc,  21.82  cobalt,  and  6.71  nickel.  The  water  was  strongly 
acid.     Two  analyses  of  mine  waters  from  the  Comstock  lode,  cited 

»  still  more  recently  O.  Weigel  (Nachrlchtcn  K.  Geaell.  Odttingen,  Math.-phjrs.  Klasse,  1906.  p.  £25)  has 
detormined  the  solubility  in  pure  water  of  the  sulphides  of  Pb,  Hg,  Ag,  Cu,  Cd,  Zn,  Ni,  Co,  F«,  Md,  gn, 
As,  Sb,and  Bi.  AH  were  slightly  soluble.  For  an  abridgment  of  this  paper,  see  Zeitschr.phy8ikBl.Chemieb 
vol.  58, 1907,  p.  293. 

«  Records  Oeol.  Survey  New  South  Wales,  vol.  8, 1909,  p.  292. 
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by  J.  A.  Reid/  are  accompanied  by  assays  for  gold  and  silver.  The 
more  concentrated  of  these  waters  contained  188.  09  milligrams  per 
ton  of  water  in  silver,  with  4.15  milligrams  in  gold.  This  water  was 
also  strongly  acid. 

An  extraordinary  water  from  a  mine  tunnel  at  Idaho  Springs,  Colo- 
rado, analyzed  by  R.  C.  Welb  in  the  laboratory  of  the  United  States 
Geological  Survey,  contained  nearly  8  grama  per  liter  of  an  oxide 
of  molybdenum,  probably  the  ao-called  soluble  molybdenum  blue. 
The  water  also  contained  a  large  amount  of  free  sulphuric  acid,  and 
was  a  dark  greenish  blue  in  color  and  only  transparent  in  very  tiiin 
layers.  The  molybdic  compound  formed  about  25  per  cent  of  the 
total  impurity.  The  specific  gravity  of  the  water  was  1.031  at  25®  C. 
The  analysis,  stated  in  grams  per  liter,  is  as  follows : 

AnnUfKis  of  molybdic  mine  vater. 


Y^' 2. 01 

Y^'' 1.75- 

Al 27 

Oa 50 

Mg 73 

Na 26 

K 14 


H(acid) 0.1S 

MoOj Trace. 

MoO, 7.W 

SO4 18.26 

CI 17 


32.  30 


This  water  evidently  originated  from  the  oxidation  of  molybdenite, 
the  rare  mineral  ilsemannite,  of  uncertain  composition,  having  been 
first  formed.'  » 

Other  typical  mine  waters  are  represented  in  the  following  table 
of  analyses,  which,  when  not  otherwise  stated,  were  made  in  the 
laboratory  of  the  United  States  Geological  Survey.  All  are  reduced 
to  the  uniform  ionic  standard  and  to  parts  per  million.* 

'  Bull.  Dept.  rf«>logy  Univ.  California,  vol.  4,  pp.  189.  Wl.  In  the  same  volume,  p.  332,  A.  C.  LawsoD 
gives  an  analysis  of  water  from  the  Rnth  mine,  Robinson  district,  Nevada.  According  to  W.  J.  Sharwood 
(Econ.  Geolo^,  vol.  6, 1911,  p.  742)  the  water  of  the  Homestake  mine.  South  Dakota,  also  contains  a  traoa 
of  gold. 

*  For  recent  analyses  of  ilsemannite  see  W.  T.  Schaller,  Jour.  Washington  Acad.,  vol.  7, 1917,  p.  417;  and 
H.  F.  Yancey,  Chem.  and  Met.  Engineering,  vol.  19, 1918,  p.  186. 

*  For  other  analyses  of  mine  ^*ateTs,  see  J.  A.  Phillips,  Phllos.  Mag.,  4th  ser.,  vol.  42,  1871,  p.  401;  A. 
Schrauf,  Jalirb.  K.-k.  geol.  Reichsanstalt,  vol.  41, 1891,  p.  35;  A.  r.  Lane,  Proc.  Lake  Superior  Min.  Inst., 
▼ol.  12, 1906,  p.  97;  W.  H.  Emmons  and  O.  L.  Harrington,  Econ.  Geology,  vol.  8,  p.  853, 1913;  W.  J.  Shar- 
wood, idem,  vol.  6,  p.  742,  1911;  C.  R.  Van  Hise  and  r.  K.  Leith,  Mon.  V.  8.  Oeol.  Survey,  vol.  62,  pp. 
543,  679, 1911;  J.  B.  Maolaurin,  46th  Ann.  Rept.  Dominion  Laboratory,  New  Zealand,  1912,  pp.  47,  48.  A 
few  others  have  already  been  cited  in  the  chapter  on  mineral  springs.  F.  Pofiepn^  (Trans.  Am.  Inst.  Min. 
Eng.,  vol.  23, 1893,  p.  240)  has  tabulated  the  occurrences  of  Sn,  Sb.  Cu,  and  As  in  mineral  waters.  In  Truis. 
Am.  Inst.  Min.  Eng.,  vol.  52,  1916,  p.  ft57,  ten  analyses  of  xino-bearing  mine  waters  by  Q.  A.  Waring  are 
given.  In  Bull.  U.  8.  Oeol.  Survey  No.  625,  W.  H.  Emmons  cites  41  typical  analyses  of  mine  waters.  On 
the  compoeition  of  waters  from  mines  of  sulphide  ores  see  E.  T.  Hodge,  Econ.  Geology,  vol.  10, 1915,  p.  123. 


636 


DATA  OF  GEOCHEMISTRY. 


Analyses  of  mine  waters. 

A.  Wator  (rnm  500-foot  level  of  Oeysor  mine,  Custer  Ckninty,  Colondo. 

B.  Same  locality  as  A,  from  the  2-000-(oot  level.  Contains  also  traces  of  Br,  I,  F, and  B«Or.  Analysei 
A  and  B  by  W.  F.  Hillebrand.  Discussed  by  8.  F.  Emmons,  Seventeenth  Ann.  Rept.  U.  8.  Oeol.  Survey, 
pt.2,  1896,  p.  462. 

C.  Water  from  the  Stanley  mine,  Idaho  Springs,  Colorado.  Analyses  by  L.  J.  W.  Jones,  Proc.  Colorado 
Bd.  Soc.,  vol.  6,  1897,  p.  48. 

D.  Hot  water  from  a  bore  hoje  2,316  feet  deep,  in  the  Mixpah  mine,  Tonopah,  Nevada.  Analysis  by 
R.  C.  Wells.    Birarbonates  here  reduced  to  normal  carbonates. 

K.  Water  from  St.  I^wrence  mine,  Butte,  Montana.    Analysis  by  Hillebrand. 

F.  Water  from  Mountain  View  mine,  Butte,  Montana.  Analysis  by  Hillebrand.  Contains  a  trace  of 
arsenic. 

0.  Water  from  Alabama  C'non  mine,  Joplin  district,  Missouri.    Analsrsis  by  H.  N.  Stokes. 

H.  Water  from  the  Victor  mine,  Joplin  distnct.  Analysis  by  H.  A.  Bushier  and  V.  A.  QottschaHc, 
Econ.  Geology,  vol.  5, 1910,  p.  28.  The  authors  also  give  three  other  analyses  of  Joplin  mine  waters.  Their 
study  relates  to  tho  oxidation  of  sulphide  ores,  and  they  find  that  pyrite  or  marcasite  acoslarates  the  reac- 
tivity of  other  sulphides.  Two  more  analyses  of  sino-bearing  mine  waters  from  ths  Joplin  district  are 
reported  by  C.  P.  Williams,  Am.  Chemist,  vol.  7,  1877,  p.  286.  See  also  E.  H.  S.  Bailey,  Water-Supply 
Paper  T.  S.  Oeol.  Survey  No.  273,  1911,  p.  349. 

1.  Water  from  the  Burra  Burra  mine,  Ducktown,  Tennessee.  One  of  a  series  of  six  analyses  of  mine 
waters  by  R.  C.  Wells. 

J.  Water  from  the  Rothschdnberger  Stolln,  Freiberg,  Saxony,  at  its  point  of  discharge  into  the  Triebisdi 
Valley.  Analysis  by  Frenzel.  Described  by  H.  MCUler,  Jahrb.  Berg-  u.  HQttenw.  Kfinig.  Sschsen,  1885^ 
p.  185.    Discharges  479  kilograms  of  ZnO  daily,  or  175J024  kilograms  per  annum. 
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Mn 
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Ni 
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Co 

Cu 
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.2 

.02 
.34 

77.05 
49.66 

Zn 

Trace. 

852  0 

Cd 

41  1 

Pb 

Trace. 

1.35 

Sn 

17  0 

Si02 

25.9 

24.42 

43.80 

64.8 

47.7 

Total  COo 

286.  25 

3, 140.  73 
2,  528.  46 

3, 002.  06 

744.2 

m.2 

4,204.5 
23.7 

a  Al|0|4-PtO»,  0.8  per  million. 
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Analyses  of  mine  waters — OontinUied. 
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474.6 
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3.65 
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3.20 
13.02 


260.45 
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345.10 


23.20 
251.  70 


2,  751. 00 
87.0 


0.1 
6,  664.  0 


19.8 
23.4 


67.6 

40.6 

433.0 

None. 

2,178.0 

.2 


312.1 

199.8 


55.6 

129.6 


10, 123. 8 


12.4 
124.8 


46.4 
14.5 


} 


6.6 


S.9 


18.0 


«  231.  6 


a  244.9  in  the  original . 

Analysis  A  represents  vadose  or  superficial  water;  B,  wat^  from 
the  deep  circulation.  The  difference  in  concentration  is  remarkable. 
Water  F  is  essentially  a  strong  solution  of  copper  sulphate,  formed 
by  oxidation  of  sulphides.  Such  waters  are  common  in  copper  mines, 
and  from  them  the  copper  can  in  many  cases  be  profitably  recovered. 
The  Ducktown  water  is  also  noteworthy  on  account  of  its  high  pro- 
portion of  ferrous  sulphate.^ 

The  phenomena  of  solution,  then,  are  evidently  of  supreme  impor- 
tance in  the  concentration  of  metallic  ores.  This  statement  can  be 
given  the  broadest  possible  construction.  A  magmatic  ore  owes  its 
s^regation  to  a  relative  insolubility  in  the  magma.  A  residual  or 
detrital  ore  is  formed,  at  least  in  part,  by  the  removal  from  a  rock 
of  the  more  soluble  constituents,  the  less  soluble  thereby  becoming 
concentrated.  Sedimentary  ores  are  deposited  from  solutions,  either 
directly  or  by  precipitation,  and  metalliferous  veins  represent  an- 
other aspect  of  the  same  processes.  The  original  magmatic  rocks 
are  separated,  by  solution  or  leaching,  into  different  fractions;  and 
then,  by  direct  deposition,  by  precipitative  reactions,  or  by  metaso- 
matic  replacements,  ore  bodies,  and  especially  vein  fillings,  are  formed. 
In  most  cases,  probably,  the  final,  workable  deposit  is  the  outcome 
of  a  seri^  of  concentrations,  the  result  of  several  interdependent  proc- 
esses, but  the  underlying  principles  are  the  same.  By  differences  of 
solubility,  the  constituents  of  the  earth's  crust  are  separated  from  one 


1  For  the  remarkable  calcium  chloride  waters  of  the  Lake  Superior  copper  region,  see  ante,  p.  l&l. 
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another,  to  be  laid  down  again  under  different  conditions  and  m 
different  places. 

The  two  fundamental  facts  with  which  we  now  have  to  deal  are 
the  dissemination  of  the  heavy  metals  in  the  igneous  rocks  and  the 
circulation  of  the  imderground  waters.  Descending,  meteoric  waters 
effect  some  of  the  observed  concentrations;  lateral  secretions  bring 
about  others,  and  waters  ascending  from  unknown  depths  play  their 
part  in  the  complex  of  phenomena.  Whether  these  waters  have  a 
common  origin  or  not  is  unessential  to  the  present  discussion.  It  is 
held  by  some  \\Titers,  notably  by  Suess,  that  certain  of  the  ascending 
waters  arise  from  the  original  magma  and  now  see  the  light  of  day 
for  the  first  time.  This  conception  has  been  correlated  with  the 
notion  that  the  heavier  metals,  by  virtue  of  their  high  specific  gravity, 
are  concentrated  at  great  depths,  from  which  the  solvent  waters 
bring  them  to  the  surface.*  Speculations  of  this  sort  are  interesting, 
but  not  necessary  for  present  purposes.  The  fact  that  the  ascending, 
dee])-seated  waters  are  hot,  and  therefore  more  powerful  as  agents 
of  solution,  is,  however,  most  pertinent. 

The  general  principles  governing  the  circulation  of  the  under- 
ground waters  have  been  elaborately  discussed  by  Van  Hise,*  and 
need  not  be  es])ecially  considered  here.  The  arguments  are  mainly 
ph^^sical  and  geological,  and  have  only  partial  relation  to  chemistry. 
These  waters,  ascending,  descending,  or  lateral  secreting,  tend  to 
gather  into  trunk  channels,  in  which,  sooner  or  later,  some  of  the 
substances  held  in  solution  are  deposited.  Ore  bodies  are  thus 
formed,  but  only  in  exceptional  cases.  By  far  the  greater  number  of 
veins  are  barren  of  heavy  metals,  or  at  least  so  nearly  barren  that 
thev  need  not  be  fiu*ther  described.  Once  in  a  while  concentrations 
of  lieavy  metaLs  are  produced,  and  in  most  cases,  but  not  invariably, 
they  appear  in  association  with  rock  of  igneous  origin.'  This  asso- 
ciation seems  to  be  fundamentally  important,  so  far  as  the  metal- 
liferous veins  are  concerned,  and  the  problem  of  their  origin  is  the 
only  one  now  before  us.  Magmatic,  sedimentary,  and  detrital  ores 
fall  under  other  headings. 

An  igneous  effusion  forces  its  way  to  the  surface  of  the  earth, 
thereby  displacing  and  fracturing  the  rocks  which  were  in  its  path. 
As  it  cools  and  shrinks,  other  crevices  are  formed,  through  which 

»  See  L.  De  Launay,  Contribution  &r<5tude  des  gltes  metallifftres,  1897,  p.  6:  and  F.  PoSeim^.  Tnns.  Am. 
Inst.  MIn.  Eng.,  vol.  23,  1893,  p.  206.  J.  H.  L.  Vogt  (Trans.  Am.  Inst.  Min.  Eng.,  vol.  31,  1801,  p.  125) 
and  also  C.  R.  Van  Uise  (A  treatise  on  metamorphism:  Mon.  U.S.  Ocol.  biirvey,  vol.  47, 1904)  dissent  from 
tills  view.  The  importance  of  magmatic  waters  as  vein  fillers  has  been  recently  argued  by  A.  C.  Speooer, 
Trans.  Am.  Inst.  Min.  Eng.,  vol.  36, 1906,  p.  364.  The  magmatic  waiters  are  regarded  by  J.  E.  Sptur  (Ecoa. 
Geology,  vol.  2,  1907,  p.  781)  as  residues  representing  the  last  stage  of  magmatic  dilTerentiatioD;  and  in 
them  the  heavier  metals  and  other  vein-fllUng  materials  are  supposed  to  be  concentrated. 

'  A  treatise  on  metamorphism:  Mon.  U.  8.  Geol.  Survey,  vol.  47, 1901,  chapter  12. 

*  See  Beck's  work  on  ore  deposits.  Also  papers  by  J.  F.  Kemp,  Trans.  Am.  Inst.  Min.  Eng.,  voL  31» 
1901,  p.  169;  vol.  33,  1903,  p.  699:  J.  E.  Spurr,  idem,  vol.  33,  1903,  p.  288;  W.  II.  Weed,  idem.  vdL  33, 1903, 
p.  715;  W.  Lindgren,  idem,  vol.  30, 1900,  p.  578. 
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also  the  mineralized  waters  can  find  a  passage.  These  waters  may 
be  partly  magmatic,  brought  with  the  igneous  matter  from  die 
depths,  or  partly  gathered  from  sedimentary  material;  but  whatever 
may  have  been  their  source,  they  are  heated,  and  therefore  their 
solvent  power  is  increased.  During  solidification,  moreover,  any 
water  that  was  entangled  within  tie  molten  rock  is  extruded,  carry- 
ing its  dissolved  load  into  the  open  channels.  A  blend  of  watei^  from 
diflferent  soxirces — deep  seated,  superficial,  and  magmatic — enters 
the  crevices  of  the  rocks,  each  part  of  the  mixture  contributing  its 
share  to  their  filling.  The  solutions  thus  commingled  are,  more- 
over, not  all  alike,  and  therefore  chemical  reactions,  such  as  double 
decompositions  and  precipitations,  become  possible  between  them. 
The  frequent  concentrations  of  ores  at  points  of  intersection  between 
two  veins  may  possibly  indicate  reactions  of  this  kind.  These 
changes  are  also  compUcated  by  reactions  between  intruded  rock  and 
the  formations  which  it  has  penetrated,  and  they  vary  with  varia- 
tions in  the  latter.  Some  ore  deposits  are  evidently  produced  in 
zones  of  contact  metamorphism,  especially  in  limestones,  and  the  ores 
are  then  associated  with  such  characteristic  minerals  as  garnet,  wol- 
lastonite,  pyroxene,  vesuvianite,  and  so  on.*  Aqueous  solutions  take 
part  in  some  of  these  changes,  penetrating  the  walls  of  the  contact 
and  bringing  about  metasomatic  replacements.' 

In  the  ascent  of  an  igneous  intrusion,  with  its  entangled  waters,  the 
so-called  pneumatolytic  processes  appear  to  have  some  importance. 
The  molten  magma  contains  gases  and  vapors  other  than  the  vapor 
of  water,  as  we  know  from  the  phenomena  of  volcanism.  Whether 
these  gases  are  occluded,  or  evolved  by  reactions  within  the  magma,  is 
not  material  to  the  present  discussion.  In  volcanic  craters  they  form 
sublimates  containing  copper,  iron,  and  other  heavy  metals,  which 
often  consist  of  chlorides.  Ammonium  chloride,  fluorine  compoimds, 
and  boric  acid,  which  last  is  volatile  in  steam,  are  other  common  sub- 
stances in  volcanic  emanations. 

In  ore  formation  the  magmatic  chlorides  and  fluorides  probably 
have  definite  functions.  In  the  molten  rock  they  convert  some  part 
of  the  heavy  metals  into  compounds  which  are  volatile  at  high  tem- 
peratures and  which  therefore  tend  to  gather  at  the  margins  of  the 
intrusions.  There,  being  soluble  in  water,  they  pass  into  solution, 
and  so  find  their  way  into  the  open  channels  wherein  deposition  takes 
place.  With  them  other  substances  are  deposited,  forming  the 
gangue  minerals — calcite,  quartz,  barite,  fluorite,  etc. — in  even  laiger 
amoimts. 

1  See  W.  Lindgren,  Trans.  Am.  lust.  Mln.  Eng.,  vol.  31, 1901,  p.  226. 

s  Lindgren,  idem,  vol.  30,  1900,  p.  578.  These  contact  deposits  and  metasomatic  alterations  are  fully 
described  by  Lindgren,  who  gives  excellent  sommaries  of  the  earlier  literature.  Later  papen  by  Lindgnn 
on  ore  deposits  are  in  Econ.  Geology,  vol.  2, 1907,  pp.  105,  743.  See  also  his  volume  on  minenl  d^Mriti^ 
already  cited 
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The  heavy  metals,  however,  are  notlaid  down  as  chlorides  or  fluorides 
except  in  rare  instances;  but  in  other  forms  chlorine  and  fluorine  have 
acted  as  primary  agents  in  bringing  about  their  concentration, 
water  tends  to  hydrolyze  the  salts  thus  formed,  other  solutions 
react  with  them,  and  quite  different  compounds  are  precipitated.  In 
the  case  of  tin  the  oxide  is  commonly  produced;  the  other  metals 
tend  to  appear  as  sulphides.  Chlorine  and  fluorine  act  only  as  tem- 
porary carriers  of  the  metals,  and  when  their  work  is  done  they  enter 
into  other  combinations.  Fluorine  remains  in  a  gangue  mineral, 
fluorspar;  the  chlorine  returns  into  circulation  as  a  soluble  alkaline 
chloride;  that  is,  as  common  salt.     I  cite  only  the  simplest  cases. 

The  pneumatolytic  process  thus  outlined  is  largely  inferential  and 
may  not  bo  entitled  to  much  weight.  Neither  is  it  exclusive.  We 
know  that  certain  sulphides  are  magmatic  minerals,  and  we  have  seen 
that  they  can  be  either  dissolved  or  decomposed  by  heated  waters. 
In  the  depths  they  would  pass  into  solution  with  some  evolution  of 
hydrogen  sulphide,  as  shown  by  the  experiments  of  De  Clermont  and 
Frommel  and  in  the  researches  of  Doelter.  The  dissolved  sulphides 
would  be  redeposited  by  the  cooling  solutions,  and  the  hydrogen  sul- 
phide would  serve  as  a  precipitant  for  the  chlorides  or  sulphates 
which  we  assimie  to  have  been  otherwise  formed.  The  phenomena 
must  also  vary  as  the  magmatic  waters  happen  to  be  alkaline  or  acid, 
solution  predominating  in  the  one  case  and  decomposition  in  the 
other.  Carbonated  waters  are  to  be  regarded  as  intermediate  waters 
from  this  point  of  view,  which  decompose  sulphides  at  first  and  gen- 
erate actively  solvent  solutions  that  come  into  play  later.  That  is,  a 
water  containing  alkaline  carbonates  and  free  carbonic  acid  should 
decompose  the  sulphides  at  great  depths  under  the  conditions  there 
existing  of  high  temperature  and  pressure. 

Alkaline  sulphide  solutions  would  thus  be  formed,  in  which  the 
sulphides  of  the  heavy  metals  are  variably  soluble.  In  such  solutions 
the  sulphides  of  tin,  arsenic,  and  antimony  dissolve  freely  and  other 
sulphides  in  very  much  smaller  amoimts.  A  partial  separation  should 
be  thus  effected,  exactly  as  in  the  operations  of  an  analytical  labora- 
tory. These  suppositions,  however,  need  to  be  tested  by  experiment; 
until  that  has  been  done,  they  are  only  tentative. 

We  can  not  assume  that  all  metalliferous  veins  are  aUke  in  origin, 
and  it  is  therefore  unwise  to  generalize  too  sweepingly  about  them. 
We  may,  nevertheless,  imagine  a  typical  case  and  follow  a  series  of 
concentrations  throughout  its  probable  course,  beginning  with  the 
still  unconsolidated  magma.  But  magmas  are  different  and  yield 
very  dissimilar  rocks.  One  is  mainly  feldspathic,  another  mainly 
olivine,  and  a  third  soUdifies  to  a  pyroxenite.  More  commonly  they 
are  complex  mixtures,  and  in  their  cooling  a  certain  amoimt  of  differ- 
entiation, the  segregation  of  certain  parts,  takes  place. 
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In  order  to  form  an  ore  body  the  magma  must  probably  be  richer 
in  heavy  metals  than  is  xisually  the  case.  We  know  that  several  sul- 
phides exist  as  magmatic  minerals  and  that  they  are  more  abundiant 
in  some  places  than  in  others,  varying  in  this  respect  just  as  the  feld- 
spars do.  In  other  words,  the  magmatic  constituents  are  not  uni- 
formly distributed  throughout  the  crust  of  the  earth.  A  magma, 
then,  with  more  than  the  average  proportion  of  sulphides,  rises  to  the 
surface  of  the  earth  and  cools  progressively.  In  so  doing  some  seg- 
regation of  sulphides  must  take  place,  and  they  become  thereby  con- 
centrated at  the  margin  of  the  cooling  mass.  The  product  of  con- 
centration may  itself  appear  as  a  large  and  distinct  ore  body,  like 
the  Norwegian  pyrrhotites,  or  it  may  be  relatively  trivial;  but  in 
either  case  a  first  step  has  been  taken. 

Upon  this  primary  concentration  the  circulating  waters  may  act, 
and  indeed  have  been  acting  from  the  instant  that  cooling  began. 
Obvioxisly,  the  waters  which  first  operate  are  either  those  which  were 
occluded  in  or  generated  from  the  rising  magma  or  which  it  encoim- 
tered  earUest  in  the  course  of  its  upward  movement.  These,  there- 
fore, are  ascending  waters,  whatever  their  previous  history  may  have 
been.  Their  condition  at  first  is  that  of  highly  superheated  and 
compressed  steam,  for  they  are  above  the  critical  temperature  of  water 
and  can  not  liquefy  until  they  have  partly  cooled.  Below  365°  they 
become  possibly  liquid  and  heavily  charged  with  matter  dissolved 
from  the  magma  and  the  adjacent  rocks.  Solids  and  gases  are  both 
dissolved,  and  the  ascending  solution,  slowly  cooling  and  mingling 
with  other  solutions  as  it  rises,  gradually  deposits  its  burden.  Its 
channel  becomes  filled  with  various  minerals,  ores,  and  gangues,  and 
thus  a  second  stage  in  the  concentration  is  completed. 

Of  this  process  in  detail  we  can  not  form  a  clear  mental  picture. 
The  superheated  solutions,  formed  at  the  beginning  of  the  ascent, 
are  something  of  which  experience  tells  us  very  little.  We  know 
that  water,  at  or  above  its  critical  temperature,  attacks  silicates 
vigorously,  and  that  it  will  even,  as  shown  by  C.  Barus,*  form  a 
mutual  solution  with  glass.  But  how  it  will  act  with  molten  rock 
imder  pressure,  what  sort  of  a  solution  it  will  then  develop,  we  do  not 
know.  It  is  fair  to  infer  that  the  reactions  will  be  both  energetic 
and  complex,  and  that  supersaturated  solutions  are  likely  to  be  pro- 
duced; but  the  waters  which  ultimately  rise  to  the  surface  as  thermal 
springs  are  at  moderate  temperatures  and  have  lost  much  of  their 
load.  Furthermore,  they  have  been  modified  by  other  waters,  and 
reactions  may  have  occurred  of  which  no  certain  trace  remains.  If 
organic  matter  has  reached  the  solutions  at  any  point,  sulphates 
must  have  undergone  reduction  to  sulphides,  and  the  latter  com- 

1  See  ante,  p.  20L 
113750**— ID— Bull.  C95 41 
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pounds  would  therefore  appear  in  more  than  (Nie  generation  and  in 
larger  quantities.  A  multitude  of  difTorent  reactions  are  c^mceiTably 
possible,  and  no  one  set  can  be  summarized  which  shall  cover  all 
conditions.  Surface  waters,  descending  and  then  diffimng  laterally 
leach  great  areas  of  rock  in  the  belt  of  weathering,  and  so  reenforce 
the  filling  of  the  veins.  Without  the  concurrence  of  waters  from  all 
directions  and  for  long  periods  of  time,  the  development  of  large 
ore  bodies  would  be  most  dif&cult  to  explain.  Sup]X)8e,  now,  that 
by  a  complex  of  processes,  such  as  have  been  described,  segn^ativey 
solvent,  pneumatolytic,  and  precipitative,  a  channel  has  become 
filled  with  mineral  matter  and  transformed  into  a  vein.  Sappoee, 
also,  that  the  vein  is  at  first  a  mixture  of  quartz  and  iron  pyrites, 
containing  in  moderate  proportions  admixtures  of  chalcopyrite, 
galena,  and  zinc  blende,  with  minute  but  perceptible  traces  of  silver 
and  gold.  The  vein  rises  from  the  zone  of  anamorphism,  through 
the  bolt  of  cementation,  into  the  belt  of  weathering,  where  a  third 
group  of  transformations,  a  new  redistribution  of  material,  occufb. 
Those  changes  can  be  followed  without  much  difficulty,  and  their 
character  is  partly  known.* 

In  the  first  place,  the  surface  waters,  charged  with  oxygen  and 
carbonic  acid,  attack  the  outcrop  of  oreis,  oxidizing  them  more  or 
less  completely  to  sulphates.  Sulphuric  acid  or  acid  salts  are  formed 
at  the  same  time,  which  assist  in  the  decomposition  of  the  adjacent 
rocks.  That  decomposition  is  more  than  ordinarily  extensive  in  the 
vicinity  of  metalliferous  veins,  and  the  rocks  therefore  acquire  % 
higher  degree  of  permeability  to  the  percolating  waters. 

The  sulphates  thus  formed  difTer  in  solubiUty  and  are  furthermore 
affected  by  other  substances  contained  in  the  waters.  Gold  is  left  in 
the  free  state,  in  which  condition  it  may  partly  dissolve  in  ferric 
solutions,  but  for  the  most  part  remains  unchanged.  Silver  is  con- 
verted into  chloride,  for  chlorine  is  rarely  absent  in  such  alterative 
processes,  and  that  compound  dissolves  with  some  difficulty.  Part 
of  the  silver,  if  much  silver  is  present,  may  be  reduced  to  the  metallic 
form  and  remain  as  native  silver  near  the  surface.  The  iron  salts, 
which  are  ferrous  at  first,  are  soon  oxidized  to  the  ferric  state,  form- 
ing basic  compoimds  and  passing  finally  into  hydroxide  or  limonite. 
Some  iron  is  dissolved  and  carried  away;  in  certain  cases  this  is  done 
completely,  but  generally  a  mass  of  limonite  is  left  upon  the  surface, 
the  gossan  or  iron  cap  of  mining  terminology.  At  the  surface,  then, 
there  is  a  concentration  of  iron,  in  which  a  large  part  of  the  gold  and 
possibly  some  silver  is  retained.  The  other  metals  have  been  washed 
away,  more  or  less  perfectly,  and  carried  down  to  lower  levels. 

1  For  a  summary  of  these  alterations,  see  H.  A.  F.  Penrose,  Jour.  Geology,  vol.  2, 1894,  p.  288;  also  De 
Launay's  memoir,  previously  cited.  An  interesting  paper  by  Penrose  on  the  causes  of  ore  shoots  is  in 
Econ.  Geology,  vol.  5, 1910,  p.  97.  On  ore  deposition  by  meteoric  waters,  see  A.  C.  Lawson,  Bull.  Univ. 
Callibnua,  Dept.  Geology,  vol.  8, 1914,  p.  219. 
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Th0  sulphates  of  copper  and  zinc  are  very  soluble;  that  of  lead 
much  less  so.  If  the  descending  waters  contain  much  silica,  silicates 
like  chrysocoUa  and  calamine  are  likely  to  be  formed.  If  carbonates 
are  abundant  in  the  solutions,  malachite,  azurite,  smithsonite,  and 
cerusite  will  appear.  Oxides  of  lead  and  copper  may  also  be  pro- 
duced, and  any  or  all  of  these  substances  are  to  be  found  in  the  oxi- 
dized zone  of  an  ore  body.  Below  this  zone  the  sulphate  solutions 
meet  the  unaltered  sulphides,  and  a  secondary  enrichment  of  them 
becomes  possible.*  The  dominant  sulphide,  pyrite,  reacts  upon  solu- 
tions of  copper  and  zinc  sulphates,  precipitating  both  metals  as  sul- 
phides and  passing  into  solution  as  sulphate  of  iron.  This  reaction 
18  well  known  and  was  established  experimentally.  Thus  at  the 
upper  portion  of  the  unoxidized  ores  there  is  a  concentration  of  copper, 
and  perhaps  of  zinc,  below  which  the  original  leaner  ore  continues  to 
its  limit,  whatever  that  point  may  be.  In  this  way  some  "bonanzas " 
originate.  A  separation  of  the  metals  is  effected  at  or  near  the  surface, 
and  the  more  soluble  ones  are  concentrated  by  reprecipitation  below. 

Although  the  broad  general  conception  of  secondary  enrichment 
is  simple  enough,  its  detailed  appUcation  to  specific  cases  is  not  always 
easy.  Complex  solutions  are  acting  upon  complex  mixtures  of 
minerals,  and  the  reactions  which  take  place  are  very  diverse.  The 
sulphides  differ  in  solubiUty;  they  form  with  different  degrees  of 
facility;  and  the  conditions  of  their  precipitation  vary  with  conditions 
of  concentration  and  temperature.  There  are,  however,  several 
researches  on  record,  which  help  to  show  what  may  happen  within  an 
established  ore  body.  As  long  ago  as  1837,  E.  F.  Anthon  '  studied 
the  precipitation  of  soluble  metallic  salts  by  insoluble  sulphides,  and 
a  similar,  but  much  more  elaborate  series  6i  experiments  was  carried 
out  much  later  by  E.  Schurmann.'  In  each  investigation .  a  series 
was  established  in  which  the  sulphide  of  any  one  of  the  metals  in  it 
would  be  thrown  down  at  the  expense  of  any  sulphide  lower  in  the 
series.  The  series  foimd  by  Schurmann  was  as  follows:  Palladium, 
mercury,  silver,  copper,  bismuth,  cadmium,  antimony,  tin,  lead, 
zinc,  nickel,  cobalt,  ferrous  iron,  arsenic,  thaUium,  and  manganese. 
For  example,  if  a  solution  of  copper  were  long  in  contact  with  the 

»  On  seoraidary  enrichment,  see  W.  II.  Weed,  Bull.  Oeol.  Soc.  America,  vol.  11, 1899,  p.  179;  S.  F.  Em- 
mons, Trans.  Am.  Inst.  Min.  Eng.,  vol.  30, 1900,  p.  177,  and  Weed,  idem,  p.  424;  J.  F.  Kemp,  Econ.  Qeology, 
vol.  1, 1905,  p.  11.  On  enrichment  by  ascending  waters,  see  Weed,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  33, 
1903,  p.  747.  On  downward  enrichment,  see  F.  I..  Ransome,  Econ.  Geology,  vol.  5, 1910,  p.  205.  Discus- 
sion by  several  writers  of  Ransome's  paper  appears  in  the  same  volume,  pp.  387,  477,  678.  See  also  O.  J. 
Bancroft,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  38,  1908,  p.  245,  and  Bull.  Am.  Inst.  Min.  Eng.,  1909,  p.  581; 
E.  S.  Bastln,  Econ.  Geology,  vol.  8, 1913,  p.  51.  U.  S.,Oeol.  Survey  Bull.  629, 1913,  by  W.  H.  Emmons,  is  a 
general  summary  of  the  subject.  8o,  too,  is  the  paper  by  C.  F.  Tolman,  Min.  and  Sci.  Press,  vol.  106, 1913, 
pp.  38, 141, 178,  which  closes  with  a  long  bibliography.  Bull.  No.  625  of  the  U.  S.  Geological  Survey,  by 
W.  H.  Emmons,  is  an  elaborate  monograph  on  the  enrichment  of  ore  deposits.  Emmons  gives  a  good 
bibliography  of  the  subject  on  pp.  20-33.  For  early  anticipations  of  the  theory,  see  G.  F.  Becker,  Trans, 
▲m.  Inst.  Min.  Eng.,  vol.  42, 1911,  p.  653. 

«  Jour,  prakt.  Chemie,  vol.  10, 1837,  p.  353. 

*  Lleblg's  Annalen,  vol.  249, 1888,  p.  326. 
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sulphide  of  any  metal  following  it  in  the  aeiiea,  it  would  deoom- 
poHe  the  latter  with  precipitation  of  copper  sulphide.  Starting  with 
galena,  the  reaction  CuSO^+PbS-CuS+FbSO^has  been  actuallj 
studied  by  R.  C.  Wells/  in  the  laboratory  of  the  United  States  Geo- 
logical Survey,  and  the  anticipated  result  was  obtained.  Wella  has 
also  investigated  the  precipitation  of  sulphides  in  pairs,  and  hss 
found  that  they  are  thrown  down  unequally.  If  to  a  solution  con* 
taining  iron  and  copper  an  alkaUne  sulphide  is  added  in  excess,  both 
motals  are  completely  precipitated.  But  if,  in  a  neutral  solution, 
there  is  a  deficiency  of  the  alkaline  sulphide,  all  the  copper  is 
deposited  l>efore  any  iron  is  thrown  down.  Attempts  to  fcMrm  double 
sul])bides  by  precipitation  were  unsuccessful;  but  double  sulphides 
such  as  chalcopyrite  are  among  the  most  important  ores. 

The  series  of  precipitations  studied  by  Schurmaim  is  evidently 
somewhat  analogous  to  the  well-known  electrochemical  series  of  the 
chemical  elements  and  suggests  that  the  ))henomena  of  secondary 
enrichment  may  be  of  an  electrical  charact.er.  The  problem  of  elec- 
trical activities  in  ore  bodies  was  long  ago  examined  by  R.  W.  Fox ' 
and  has  since  received  attention  from  a  nujiiber  of  other  investigators, 
most  recently  by  V.  H.  Oottschalk  and  H.  A.  Buehler  •  and  R.  C. 
Wells.*       .     *      ^ 

Gottschalk  and  Buehler  studied  especially  the  oxidation  of  sul- 
phides, and  found  that  when  two  different  minerals  are  immersed  in 
the  same  solution  one  showed  an  increase  of  solubility  while  the  other 
was  more  or  less  protected.  They  also  found  and  measured  the 
differences  in  electrical  potential  among  the  minerals  studied  and 
found  that  when  two  of  them  were  brought  in  contact  and  moistened 
they  formed  a  small  battery.  Such  a  contact,  in  presence  of  the  per^ 
colating  solutions  of  the  earth's  crust,  may  be  an  important  factor 
in  the  process  of  oxidation  of  natural  minerals. 

Gottschalk  and  Buehler  in  their  experiments  iised  as  a  solvent 
only  water.  Wells,  however,  in  a  similar  research  measured  the 
electrical  ])otential  of  his  minerals  in  various  solutions  and  found  wide 
differences.  From  this  he  concludes  that  the  nature  of  the  solvent 
is  of  fxmdamental  importance  and  that  by  electrical  activity  different 
minerals  may  be  produced,  depending  upon  the  character  of  the 
solutions.  Evidently  the  application  of  theory  to  the  discussion  of 
any  specific  geological  problem  involves  variable  factors  and  may  be 
exceedingly  complex. 

»  Ecou.  Geology,  vol.  5, 1910,  p.  i. 

*  Philos.  Trans.,  1830,  pt.  2,  p.  390;  idem,  1K35,  pt.  1,  p.  39:  BritLsh  Assoc.  Adv.  Sd.  Kept.,  1834,  p.  StU 
idem,  1837.  p.  133;  Phllos.  Mag.,  3d  ser.,  vol.  23, 1S43,  pp.  467,  491.  See  also  W.  J.  Henwood,  Ajinales  dii 
Mines,  3d  ser.,  vol.  11,  1837,  p.  585;  A.  von  Strombeck.  Karsten's  Archiv,  voL  •,  1833,  p.  431;  F.  Reick. 
Poggendorf's  Annalen,  vol.  48,  1839,  p.  287;  W.  Skey,  Tran5.  Xevr  Z<«laDd  Inst.,  voL  3,  ISn,  p.  282;  C, 
Barus,  Mon.  U.  8.  Geol.  Survey,  vol.  3, 1882,  pp.  309-367. 

*  Econ.  Geology,  vol.  7, 1912,  p.  15.    An  earlier  paper  is  in  vol.  5,  p.  2S,  1910. 

*  Bull.  U.  S.  Geol.  Survey  No.  548, 19146. 
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Analogous  to  the  process  by  which  the  sulphides  of  a  vein  may  be 
enriched,  is  another  process  that  often  operates  in  the  formation  of 
quite  different  ore  bodies.  This  process  has  already  been  noted  in 
relation  to  phosphate  rock,  and  it  consists  in  the  precipitation  of 
dissolved  substances  by  limestone.  A  metalliferous  solution,  con- 
taining any  of  the  heavy  metals,  percolates  through  limestone,  and 
double  decomposition  takes  place.  The  heavy  metals,  zinc,  copper, 
iron,  manganese,  etc.,  are  precipitated,  and  calcium  goes  into  solution. 
Reactions  of  this  kind  have  been  experimentally  studied  by  several 
investigators.^  The  diffused  metals,  or  rather  their  compoimds,  may 
be  concentrated  by  solution  and  consequent  removal  of  the  remain- 
ing carbonate  of  lime.  In  this  connection  R.  C.  Wells  *  has  inves- 
tigated the  relative  solubilities  of  the  metallic  carbonates,  much  as 
was  done  by  Schiirmann  in  the  series  of  sulphides.  The  order  f  oimd, 
beginning  with  the  least  soluble,  was  mercury,  lead,  copper,  cad- 
mium, zinc,  iron,  nickel,  manganese,  silver,  calcium,  magnesixm). 
Each  of  these  carbonates,  under  equal  conditions,  would  precipitate 
those  preceding  it  from  aqueous  solution.  Wells,  however,  is  careful 
to  point  out  that  the  application  of  this  series  to  specific  cases  involves 
consideration  of  mass  effects  which  may  change  the  order  of  pre- 
cipitation. 

In  the  foregoing  discussion  only  ordinary  solutions  have  been  con- 
sidered, but  colloidal  solutions  must  also  be  taken  into  account. 
J.  D.  Clark  and  P.  L.  Menaul '  have  treated  this  phase  of  ore  deposi- 
tion experimentally  and  have  shown  that  nearly  all  important  metal- 
lic sulphides,  arsenides,  and  sulpho-salts  may  be  dispersed  as  col- 
loids under  the  influence  of  hydrogen  sulphide  in  feebly  alkaline 
solutions.  The  minerals  are  then  in  condition  to  migrate  with  the 
solutions,  and  when  the  hydrogen  sulphide  escapes  they  are. pre- 
cipitated. Furthermore,  when  these  solutions  come  into  contact  with 
calcareous  or  argillaceous  material  precipitation  also  occurs,  and  in 
the  case  of  limestone,  just  as  with  ordinary  solutions,  replacement 
is  effected. 

The  formation  of  ore  bodies  by  magmatic  segregation  has  already 
been  mentioned  and  is  merely  a  phase  of  magmatic  differentiation, 
which  was  discussed  in  Chapter  EK,  ante.  The  titaniferous  magnet- 
ites and  some  pyrrhotites  form  ore  bodies  of  this  kind,  in  which  the 
heavy  minerals  have  separated  from  the  molten  magma  just  as  matte 
separates  from  slag.     On  this  subject  there  is  an  elaborate  memoir 

1  See  for  example,  K.  Irvine  and  W.  S.  AndersoOj  Proc.  Roy.  Soc.  Edinburgh,  vol.  18,  1890,  p.  52;  W. 
Meigen,  Ber.  Naturforsch.  Geseil.  Freiburg,  vol.  13, 1903,  p.  40;  vol.  15, 1905,  p.  38;  and  inaugural  disser- 
tetions,  Freiburg,  1906,  by  L.  Gassner  and  C.  Hahler. 

•  Bull.  U.  S.  Geol.  Survey  No.  609. 

*Eoon.  Geology,  vol.  11, 1916,  p.  37.  See  alao  C.  F.  Tolman  and  J.  D.  Clark,  idem,  vol.  9,  1914,  p.  660; 
•od  Clark,  Univ.  of  New  Slexioo,  No.  75, 1914. 
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by  W.  H.  Goodchild/  who  has  studied  the  pi-oceas  troox  Tarious  pointe 
of  view,  and  has  taken  into  accoiuit  the  influence  of  gaseous  factors. 
To  this  paper  other  reference  will  be  made  later. 

In  this  bare  outline  of  what  may  be  supposed  to  happen  in  the 
formation  of  a  metalliferous  deposit,  details  have  been  purposely 
left  out  of  accoimt.  Their  consideration  naturally  follows  in  the 
succeeding  pages,  in  which  the  metals  are  studied  separately.^ 

Although  gold  is  one  of  the  scarcer  elements,  it  is  widely  diffused 
in  nature.  It  is  found  in  igneous  rocks,  sometimes  in  visible  particles ; 
it  accumulates  in  certain  detrital  or  placer  dei>osits;  it  also  occurs  in 
sedimentary  and  metamorphic  formations,  in  quartz  veinSi  and  in 
sea  water.*  A  notable  amount  of  gold  is  now  recovered  from  copper 
ores,  during  the  electrolytic  refining  of  the  copper.  A,  Liversidge' 
found  traces  of  gold  in  rock  salt  from  several  localities,  in  quantities 
of  about  1  to  2  grains  per  ton.  F.  Laur,"  in  Triassic  rocks  taken  from 
deep  borings  in  the  department  of  Meurthe-et-Moselle,  France,  foimd 
both  gold  and  silver.  The  maximum  amount  in  a  sandy  limestone, 
was  39  grams  of  gold  and  245  of  silver  per  metric  ton,  but  most  of  the 
assays  ran  much  lower. 

Gold  has  boon  repeatedly  observed  as  a  primary  mineral  in  igneous 
or  plutouic  rocks.  G.  P.  Merrill'  reports  it  in  a  Mexican  granite, 
embedded  in  quartz  and  feldspar.  W.  Moricke*  found  visible  gold 
in  a  pitchstone  from  Chile;  and  O.  Schiebe'  discovered  it  in  an 
olivine  i-ock  from  Damara  Land,  South  Africa. 

In  a  series  of  assays  of  rocks  collected  at  points  remote  from  known 
deposits  of  heavy  metals,  L.  Wagoner  *^  found  the  foUowing  quanti- 
ties, in  milligrams  per  metric  ton,  of  gold  and  silver.  The  samples 
are  Californian,  except  when  otherwise  stated. 

I  Mining  Mag. ,  vol.  18, 1918,  pp.  20,  75, 131, 1S6,  240,  296;  and  vol.  19, 1918.  pp.  21.  78, 135, 188.  See  also  a 
paper  by  J.  T.  Singcwald,  jr.,  in  Min.  and  Sci.  Press,  vol.  114, 1917,  p.  733.  Other  memoirs  on  the  subject 
will  be  considered  under  the  headings  of  the  individual  metals,  especially  in  reference  to  nickel. 

s  The  work  of  Sullivan  on  the  precipitation  of  copper  by  shale,  feldspar,  etc.,  is  noted  later  in  theseotioo 
of  this  chapter  upon  the  ores  of  that  metal.  The  ores  of  iron,  manganese,  and  aluminum  have  been  suiTi- 
dently  described  in  the  chapters  upon  rock-forming  minerals,  rock  decomposition,  and  the  sedimentary 
rocks. 

•  For  a  list  of  the  Survey  publications  on  gold  and  silver  see  Dull.  470, 1911. 
«  See  ante,  p.  120. 

»  Jour.  Chem.  Soc..  vol.  71, 1897,  p.  29H. 

•  Compt.  Kend.,  vol.  142, 1906,  p.  1409.    Also  in  Compt.  reud.  Soc.  iud.  min^rale,  Sept.-Oct.,  1906. 

»  Am.  Jour.  Sci,  4thser.,  vol.  1, 1896,  p.  309.  Compare  W.  V.  Blake.  Trans.  Am.  Inst.  Min.  Eng.,  vol.  26, 
1896,  p.  290. 

•  Min.  i>et.  Mitt.,  vol.  12, 1891,  p.  195 

•  Zeltschr.  Deutsch.  geol.  CJeaell.,  vol.  40,  1888,  p.  611.  For  other  examples  see  Stelsncr-Bergeat,  Die 
Ertlagerstatten,  pp.  6^70.  See  also  J.  Catharinct,  Eng.  and  Min.  Jour. ,  vol.  79, 1905,  p.  127,  on  gold  in  the 
pegmatite  of  Copiw  Mountain,  British  Columbia.  K.  W.  Brock  (idem,  vol.  77, 1904,  p.  511)  nports  goW 
in  British  Columbia  porphyries.  On  primary  gold  in  a  Colorado  granite,  see  J.  B.  Hastings^  Tzans.  Am. 
Inst.  Min.  Eng.,  vol.  39, 1909,  p.  97.  An  association  of  gold  with  sillimanite  is  reported  by  T.  L.  Wation. 
Am.  Jour.  Sci.,  3d  ser.,  vol.  33, 1912,  p.  241.  A.  Lacroix  found  disseminated  gold  in  a  biottte  gnein  tnm 
Madagascar;  see  Compt.  Kend.,  vol.  132, 1901,  p.  180. 

M  Trans.  Am.  Inst.  Min.  Eng.,  vol.  31, 1901,  p.  808. 
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Gold  and  nlver  in  rockifrom  Ckdiforniaf  Nevada,  etc. 

[Milligrams  per  metric  ton.] 


Granite 

Do 

Do 

Syenite,  Nevada 
Granite,  Nevada 
Sandstone 

Do 

Do 

Basalt 

Diabase 

Marble 

Marble,  Carrara. . 


Au. 


Ag. 


104 

7,660 

137 

1,220 

115 

940 

720 

15,430 

1,130 

5,590 

39 

540 

24 

450 

21 

320 

26 

547 

76 

7,440 

5 

212 

8.63 

201 

In  a  later  investigation  Wagoner  ^  determined  gold  and  silver  in 
deep  sea  (Atlantic  Ocean)  dredgings.  In  six  samples  assayed  the 
gold  ranged  from  15  to  267  milligrams  per  metric  ton,  and  the  silver 
from  304  to  1,963  milligrams. 

These  figures  suggest  a  very  general  distribution  of  gold  in  rocks 
of  all  kinds.  J.  R.  Don,'  however,  in  an  extended  investigation  of 
the  Australian  gold  fields,  found  that  the  deep-seated  rocks  contained 
gold  only  in  association  with  pyrite.  When  pyrite  was  absent, 
gold  was  absent  also.  The  country  rocks  of  the  vadose  region,  on 
the  other  hand,  were  generally  impregnated  with  gold,  even  at  a 
distance  from  the  auriferous  reefs,  and  Don  supposes  that  the  metal 
was  probably  transported  in  solution.  This  point  wiU  be  discussed 
later. 

Gold  occurs  principally  in  the  free  state  or  alloyed  with  other 
metals,  such  as  silver,  copper,  mercury,  palladium,  rhodium,  bis- 
muth, and  tellurium.  Leaving  detrital  or  placer  gold  out  of  account, 
its  chief  mineral  associates  are  quartz  and  p}Tite.  Its  connection 
with  pyrite  is  so  intimate  that  some  writers  have  argued  in  favor  of 
its  existence  as  gold  sulphide,*  but  the  evidence  in  favor  of  that 
beUef  is  very  inadequate.  No  unmistakable  gold  sulphide  has  yet 
been  found  as  a  definite  mineral  species,  nor  is  it  likely  to  form 
except  in  an  environment  entirely  free  from  reducing  agents.  The 
compounds  of  gold  are  exceedingly  unstable,  and  the  metal  separates 
from  them  with  the  greatest  ease. 

>  Tnuis.  Am.  Inst.  Mln  Eng.,  vol.  38, 1907,  p.  704 

*  Idem,  vol.  27, 1897,  p.  564.  A.  R.  Andrew  (Trans.  Inst.  Min.  Met.,  vol.  19, 1910,  p.  276)  questions  the 
trustworthiness  of  many  such  assays  of  country  rock.  Ue  thinks  that  gold  as  an  imptulty  in  litharge 
accounts  for  most  of  the  reported  findings. 

•  See,  for  example,  T.  W.  T.  Atherton,  Eng.  and  Min.  Jour.,  vol.  52, 1891,  p.  698,  and  A.  Williams,  idem, 
vol.  63, 1892,  p.  451.  Williams  cites  an  auriferous  pyrite  from  Colorado  which  yielded  no  gold  on  amal- 
gamation, but  from  which  gold  was  extracted  by  solution  in  ammonium  sulphide.  Gold  sulphide  is 
soluble  in  that  reagent.  Hence  the  inference  that  it  may  lla^  o  been  present  in  the  ore.  See  also  a  paper 
by  W.  Skey,  Trans.  New  Zealand  Inst.,  vol.  3, 1870,  p.  216. 
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On  the  petrologic  side  gold  is  most  commonly  associated  with 
n>cks  of  the  persilicic  type,  such  as  granite  and  its  metamorphic 
derivatives.  I  refer  now  to  its  primary  occurrences.  It  is  not  rare 
in  association  with  dioritic  rocks,  but  in  rocks  of  subsilicic  character 
it  is  exceedingly  uncommon.  Its  very  general  presence  in  quartz 
veins  is  testimony  in  the  same  direction  and  suggests  the  probability 
that  gold  is  more  soluble  in  silicic  magmas  than  in  those  richer  in 
bjuses.  The  auriferous  quartz  veins  were  probably  formed  in  most 
instances  from  solutions;  but  J.  E.  Spurr'  has  argued  that  in  some 
cases  they  are  true  magmatic  segregations.  This  view  was  developed 
by  Spurr  in  his  studies  of  gold-bearing  c^uartz  from  Alaska  and 
Nevada,  but  it  has  been  questioned  by  C.  R.  Van  Hise '  and  others. 

The  composition  of  native  gold  is  variable.  The  purest  yet  found, 
from  Mount  Morgan,  Queensland,  according  to  A.  Leibius,'  assayed 
as  high  as  99.8  per  cent,  the  remainder  being  mainly  copper,  vrith  a 
trace  of  iron.  Gold  commonly  ranges  from  88  to  95  per  cent,  with 
more  or  less  alloy  of  the  metals  already  mentioned.  The  following 
analyses  well  represent  the  character  of  the  variations: 

Analyses  of  native  gold. 

A.  (lold  £rom  Persia.    Analyied  by  C.  Catlett  in  the  laboratory  of  the  United  States  Ueologioal  8uney> 

B.  Klectrum,  Montgomery  County,  Virginia.  Analysis  by  P.  Porcher,  Chem.  News,  vol.  14,  IfWl.  p. 
1R9. 

(\  I>,  K.  liohl  aittiociuUHl  with  native  platinum,  Colombia.  Analysis  by  W.  II.  Sei^non,  Chem.  News, 
vol.  m,  1KS2,  i).216. 

F.  Amaljrara,  Mariposa  County,  California.  Analysi.s  by  F.  L.  Sonnenschein,  ZeitMbr.  l)eut««ch.  ^'WlL 
(iesolL,  vol.  ft,  1854,  p.  243.    Ki)ecinc  gravity,  15.47.    Near  Aullgv 

G.  Talladium  gold.  Taguaril,  Brazil.  Analysis  by  Seamou,  Chem.  Xews,  vol.  40,  1JCS2,  p.  216.  >ee 
Wilm,  Zeitschr.  nnorg.  Chemie,  vol.  4, 1803,  p.  300,  on  palladium  gold  from  the  Caucasus.  Also  K.  Iluivak, 
Zeitsohr.  pmkt.  Geologie,  1906,  p.  284,  on  palladium  gold  in  Brazil. 

II.  Maldonitc,  or  "black  gold,"  Maldon,  Victoria.  Analysis  by  K.  W.  E.  Maclvor,  Chem.  Sews,  voL 
55,  18K7,  i>.  101.    An  alloy  n«ir  Au-IM. 
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1  Sec iiajHTs in  Trans.  Am.  last.  .Min.  Eng.,  vol.;«,  190R,|).2k«:  vol.  ;«6, 1906,  p.  372.    Also  Econ.Oeology, 
vol.  1, 1906,  p.  369. 

2 A  treatise  on  metamorphism:  Mon.  U.  S.  fJeol.  Survey,  vol.  47,  1904,  pp.  1048-1040.    .  ee  aLno  J.  B. 
Hastings,  Tmns.  Am.  Inst.  Min.  Eng.,  vol.  36,  1906,  p.  647.    Hastings  regards  the  Silirer  Feftk 
deposited  by  jisccnding  waters  along  lines  of  fracturing. 

>  Proc.  Hoy.  ^'oc.  Xew  South  Wales,  vol.  18,  1884,  p.  37. 
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The  iellurides  ^  con  taming  gold  are  also  variable  in  composition, 
partly  because  most  of  them  contain  silver,  and  often  other  metals, 
which  may  be  only  impnrities.  Ealgoorlite  and  coolgardite,  for  ex- 
ample, which  are  tellnrides  of  gold,  silver,  and  menmry,  are  mixtures 
of  the  mercury  compoimd,  coloradoite,  with  other  species.'  Calaverite 
and  krennerite  approximate  to  gold  telluride  alone.  Sylvanite,  pet- 
zite,  muthmannite,  and  goldschmidtite  are  tellurides  of  gold  and 
silver.  The  following  analyses  are  sufficient  to  indicate  the  compo- 
sition of  the  more  important  of  these  minerals: 

Analyses  of  tellurides  ronlaining  gold. 

A.  Calaverite,. (AiiAg)Tei,  Cripple  Creek,  Colorado.    Analysis  by  W.  F.  Hillebnuid. 

B.  Krennerite.  (AuAg)Te,,  Nagyag.  Hungary.    Analysis  by  L.  Six)fict,  Zeitscbr.  Kryst.  Ifin.,  vol.  11, 
1886,  p.  310. 

C.  Sylvanite,  (AuAg)Tei,  Grand  View  mine,  Boulder  County,  Colorado.    Analysis  by  F.  W.  Clarke, 
Am.  Jour.  Sci.,  3d  ser.,  vol.  H,  1877,  p.  286. 

D.  Petsite,  (AiiAg)Tet,  Norwegian  mine,  Oalavema  County,  California.    Analysis  by  HiUebrand. 
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There  has  been  much  discussion  over  the  tellurides  of  gold.  B. 
Braimer  •  asserts  that  crystalline  "  poly  tellurides "  can  be  formed, 
which  dissociate  upon  heating,  leaving  the  compound  Au,Te  as  an 
end  product.  Theoretically,  the  telluride  AujTej  should  also  be 
capable  of  existence.  According  to  V.  Lenher,*  the  telliu'ides  of  gold 
are  probably  not  definite  compounds,  but  more  in  the  nature  of  alloys. 
Attempts  at  the  synthesis  of  a  distinct  compoimd  failed.  T.  K. 
Rose,*  however,  who  studied  the  alloys  of  gold  and  tellurium,  obtained 
a  defmite  compound,  AuTej,  identical  with  the  natural  calaverite. 
The  same  result  was  also  obtained  by  G.  Pellini  and  E.  Quercigh.' 
W.  J.  Sharwood  '  has  pointed  out  the  very  general  association  of 
bismuth  with  tellurium  gold  ores. 

>  For  a  general  review  of  the  tellurides,  with  references  to  literature,  see  J.  F.  Kemp,  Min.  Industry, 
vol.  6, 1898,  p.  296. 

*  L.  J.  Spencer,  Mineralog.  Mag.,  vol.  13,  p.  268,  1903.    Spencer  gives  a  good  bibliogmphy  of  the  Austra- 
lian tellurides. 

»  Jour.  Chem.  Soc.,  vol.  65,  1889,  p.  391. 

*  Jour.  Am.  Chem.  Soc.,  vol.  24, 1902, p.  35S.    See  also  U.  I).  Hall  and  V.  I>enher,  idem. p.  919. 
6  Trans.  Inst.  Min.  Met.,  vol.  17,  190K,  p.  285. 

*  Rend.  R.  acca^i.  Lincei,  5th  ser.,  vol.  19,  1910,  p.  445. 
'  Eoon.  Geology,  vol.  6, 1911,  p.  22. 
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Although  gold  is  primarily  a  magmatic  mineral,  it  is  also  trans- 
ported in  and  deposited  from  solutions.  Many  occurrences  of  gold 
indicate  this  fact  very  plainly.  O.  Dieffenbach/  for  instance,  men- 
tions gold  incnisting  siderite  at  Eisenberg,  near  Corbach,  in  Ger- 
many. O.  A.  Derby'  reports  films  of  gold  on  limonite,  from  Brazil. 
A.  Liversidge '  found  it  in  recent  pyrite,  which  formed  on  twigs  in 
a  iiot  spring  near  Lake  Taupo,  New  Zealand.  J.  C.  Newbery  ^  men- 
tions gold  in  a  manganiferous  iron  ore  coating  quartas  pebbles,  the 
quartz  itself  being  free  from  gold.  In  the  sinter  of  Steamboat 
Springs,  Nevada,  G.  F.  Becker  •  found  both  gold  and  silver;  3,403 
grams  of  sinter  gave  0.0034  of  gold  and  0.0012  of  silver.  Gold  is 
also  reported  by  J.  M.  Maclaren  *  in  the  siliceous  sinter  of  the  hot 
springs  at  Whakarewarewa,  New  Zealand.  R.  Brauns  '  has  described 
gold  as  a  cement  joining  fragments  of  quartz.  The  specimen  of 
cinnabar  from  a  fissure  in  Colusa  County,  California,  mentioned  by 
J.  A.  Pliillips,'  which  was  covered  by  a  later  deposit  of  gold,  is  also 
su^^gestive.  According  to  R.  W.  Stone,"  the  coal  of  Cambria,  Wy- 
oming, contains  appreciable  quantities  of  gold.  All  of  these  occur- 
rences are  best  interpreted  on  the  assumption  that  the  gold  was 
pr(»cipitated  from  solution;  and,  indeed,  they  can  hardly  be  explained 
otherwise.  The  fact  that  gold  actually  exists  in  natural  solutions 
has. already  been  sho\vTi  in  regard  to  sea  water  and  certain  mine 
waters,  and  J.  B.  Harrison  ^®  has  detected  it  in  the  water  of  Omai 
Crock,  British  Guiana.  He  has  also  found  gold  in  the  ash  of  iron- 
wood;  in  confirmation  of  an  earUer  observation  by  E.  E.  Lungwitz. 
Tlie  occiurence  of  gold  as  a  volcanic  emanation  has  also  been  reported 
by  W.  H.  Goodchild.**  The  crater  of  the  volcano  La  Suf ral,  in  Colom- 
bia, is  periodically  filled  by  jets  of  steam  from  which  sulphur  is 
deposited;  and  that  sulphur  contains  an  easily  determinable  propor- 
tion of  gold.     This  mode  of  occurrence  seems  so  far  to  be  unique. 

The  natural  solvents  of  gold  appear  to  be  numerous — that  is,  if 
the  recorded  experiments  are  all  trustworthy.  G.  Bischof  "^ found 
that  gold  was  held  in  solution  by  potassium  silicate,  and  Liversidge  " 
was  able  to  dissolve  the  metal  by  digesting  it  with  either  potassium 
or  sodium  silicate  under  a  pressure  of  90  pounds  to  the  square  inch. 

»  Neues  Jahrb.,  1851,  p.  321. 

«  Am.  Jour.  Sci. .  3d  ser.,  vol.  28, 18S4,  p.  440. 

»  Jour.  Roy.  Soc.  New  South  Wales,  vol.  U,  1877,  p.  262. 

«  Trans.  Roy.  Soc.  Victoria,  vol.  9, 1868,  p.  52. 

»  Mon.  U.  8.  Cfeol.  Survey,  vol.  13, 1888,  p.  344. 

«G60l.  Hag.,1906,p.  511. 

'  Chemische  Mlneralogie,  1896,  p.  406. 

B  Quart.  Jour.  Oeol.  Soc.,  vol.  35, 1879,  p.  390.    On  the  natural  associations  of  gold,  see  F.  C.  T^nff^in, 
Econ.  Geology,  vol.  6, 1911,  p.  247. 

•  Bull.  U.  S.  Survey  No.  499, 1912,  p.  63. 

«  Geology  of  the  gold  fields  of  British  Guiana,  1906,  p.  209. 

11  Mining  Mag.,  vol.  19, 1918,  p.  191. 

i>  Lehrbuch  der  cheoiischen  und  physikalischen  Geologie,  2d  ed.,  vol.  3,  p.  843. 

1*  Proo.  Roy.  Soo.  New  South  Wales,  vol.  27, 1893,  p.  803. 
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C.  Doelter  ^  claims  that  gold  is  perceptibly  soluble  in  a  10  per  cent 
sodium-carbonate  solution,  and  also  in  a  mixture  of  sodium  silicate 
and  bicarbonate.  Solutions  of  alkaline  sulphides  have  been  found  by 
several  authorities,  notably  by  W.  Skey,'  T.  Egleston,'  G.  F.  Becker,* 
and  A.  liversidge,*  to  be  effective  solvents  of  gold;  and  Skey  reports 
that  even  hydrogen  sulphide  attacks  the  metal  perceptibly.  AH  of 
these  solvents  occur  in  natural  waters. 

Solutions  of  ferric  salts  are  also  capable,  under  proper  conditions, 
of  dissolving  gold.  According  to  H.  Wurtz,*  ferric  sulphate  and 
ferric  chloride  are  both  effective.  P.  C.  Mcllhiney  ^  found  that  the 
chloride  acted  on  the  metal  only  in  presence  of  oxygen,  which  serves 
to  render  the  ferric  salt  an  efficient  carrier  of  chlorine.  Some  experi- 
ments by  H.  N.  Stokes  •  in  the  laboratory  of  the  United  States  Geo- 
logical Survey,  showed  that  ferric  chloride  and  also  cupric  chloride 
dissolve  gold  easily  at  200°.  The  reactions  are  reversible,  and  gold 
is  redeposited  on  cooling.  Ferric  sulphate,  according  to  Stokes,  does 
not  dissolve  gold  unless  chlorides  are  also  present.  Perhaps  the 
pseudomorph  of  gold  after  botryogen,  a  basic  sulphate  of  iron, 
described  by  W.  D.  Campbell,"  may  have  originated  from  some  solu- 
tion in  ferric  salts. 

F.  P.  Dewey  ^®  has  found  that  finely  divided  gold  is  perceptibly 
soluble  in  nitric  acid,  but  that  observation  has  little  bearing  upon 
its  natural  solution.  W.  J.  McCaughey  "  has  reported  its  solubility 
in  hydrochloric  acid  solutions  of  iron  alum  and  cupric  chloride. 
With  rising  temperature  the  solubility  increases  rapidly.  N.  Awer- 
kiew  "  finds  that  gold  is  also  dissolved  by  hydrochloric  acid  in  pres- 
ence of  organic  matter. 

The  usual  laboratory  solvent  for  gold,  aqua  regia,  owes  its  efficiency 
to  the  liberation  of  free  chlorine.  T.  Egleston  *'  asserts  that  traces  of 
nitrates  with  chlorides  in  natural  waters  can  slowly  dissolve  the 
metal.  J.  R.  Don**  found  that  weak  hydrochloric  acid,  I  part  in 
1,260  of  water,  in  presence  of  manganese  dioxide,  would  take  gold 
into  solution.     R.  Pearce  **  heated  gold  and  a  solution  containing  40 

»Min.pet.  Mitt.,  vol.  U,  1890,  p.  328. 

*  Trans.  New  Z«ilaiid  Inst.,  vol.  3,  1870,  p.  216;  vol.  6,  1S72,  p.  882. 
»  Tnms.  Am.  Inst.  Win.  Eng.,  vol.  9, 1880-81,  p.  639. 

*  Am.  Jour.  Sd..  3d  ser..  vol.  33, 1887,  p.  207. 

»  Proc.  Roy.  Soc.  New  South  Wales,  vol.  27,  1H93,  p.  303. 

•  Am.  Jour.  8ci. ,  2d  ser. ,  vol.  26, 1858,  p.  51 . 
» Idem,  4th  ser..  vol.  2, 1896,  p.  293. 

•  Econ.  Geology,  vol.  1. 1906,  p.  650. 

•  Trans.  New  Zeiland  Inst.,  vol.  14,  1881,  p.  457.    Campbell's  obtervations  need  to  be  wrifled.    The 
specimen  was  found  in  the  Thames  gold  field,  New  Zealand. 
»•  Jour.  Am.  Chom.  Soc.,  vol.  32, 1910,  p.  318. 
M  Idem,  vol.  31, 1909.  p.  1261. 
"  Zeftschr.  auorg.  Chemie,  vol.  61, 1909,  p.  1. 
"Trans.  Am.In.st.  Min.  Eng.,  vol.  8,  l87»-«),p.  454. 

»<  Idem,  vol.  27,  1.S97,  p.  564.    According  to  Don,  ferric  salts  are  not  eflfective  solvents  for  gold. 
» Idem,  vol.  22,  1893,  p.  739. 
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grains  of  common  salt  to  the  gallon,  with  a  few  drops  of  sulphuric 
acid  and  some  manganese  dioxide,  and  obtained  partial  solution. 
T.  A.  Rickard  ^  treated  a  rich  Cripple  Creek  ore,  which  contained 
manganic  oxides,  with  a  solution  of  ferric  sulphate,  sodium  chloride, 
and  a  little  sulphuric  acid,  and  practically  all  of  the  gold  dissolved. 
On  immersing  in  this  solution  a  fragment  of  black,  carbonaceous 
shale,  the  gold  was  reprecipitated.  How  far  solutions  of  this  kind  can 
be  produced  in  nature  is  uncertain;  but  the  extreme  dilution  of  the 
solvents  may  be  offset  by  their  prolonged  action.  The  laboratory 
processes  all  tend  to  accelerate  the  reactions.  V.  Lenher's  observa- 
tion,' that  strong  sulphuric  acid,  in  presence  of  oxidizing  agents,  sudi 
as  the  dioxides  of  manganese  and  lead,  dissolves  gold,  is  probably 
not  applicable  to  the  discussion  of  natural  phenomena.  W.  H. 
Enmions,*  however,  from  a  study  of  the  experiments  already  cited, 
and  also  of  the  association  of  manganese  oxides  with  gold  in  nature, 
has  shown  that  the  manganese  plays  an  important  part  in  the  for- 
mation of  auriferous  deposits.  Its  effect  is  due  to  its  interaction  with 
acid  solutions  of  chlorides,  with  which  it  generates  chlorine;  chlorine 
being  the  actual  solvent  of  gold.  In  the  presence  of  alkaline  solutions, 
or  of  calcite,  free  chlorine  can  not  appear,  and  the  manganese  oxides 
become  inoperative.*  Calcite,  however,  and  also  magnesite  have  been 
shown  by  V.  Lenher  *  to  be  effective  precipitants  of  gold. 

The  experiment  by  Rickard  just  cited,  is  especially  suggestive  as 
illustrating  the  ease  i^Hth  which  gold  is  redeposited  from  its  solutions. 
So  far  is  gold  is  concerned,  the  reducing  agents  are  numberless,  and 
many  of  them  occur  in  nature.  Organic  matter  of  almost  any  kind 
will  precipitate  gold,  and  such  matter  is  rarely,  if  ever,  absent  from 
the  soil.  Gold,  therefore,  although  it  may  enter  into  solution,  is  not 
likely  to  be  carried  very  far.  On  mere  contact  with  ordinary  soils  it 
would  be  at  once  precipitated.* 

Gold  is  also  thrown  out  of  solution  by  ferrous  salts,  by  other  metals, 
and  by  many  sulphides,  especially  by  pyrite  and  galena.^  According 
to  Skey  one  part  of  pyrite  will  precipitate  over  eight  parts  of  gold. 
The  sulphides  of  copper,  zinc,  tin,  molybdenum,  mercury,  silver,  bis- 
muth, antimony,  and  arsenic,  and  several  arsenides,  all  act  in  llie 

» Trans.  Am.  Inst.  Min.  Eng.,  vol.  26, 1«96,  p.  978. 
s  Jour.  Am.  Chem.  Soc.,  vol.  26, 1904,  p.  550. 

>  Bull.  Am.  Inst.  Min.  Eng.,  1910,  p.  767,  and  Jour.  Geology,  vol.  19, 1911,  p.  15.    See  also  A.  D.  Brokaw, 
Jour.  Geology,  vol.  18, 1910,  lOp.  32, 1. 
<  See  F.  T.  Eddingaeld,  Philippine  Jour.  Sd.,  vol.  RA,  1913,  p.  125;  Econ.  Geology,  vol.  ft,  1913,  p.  496. 

•  Econ.  Geolog>',  vol.  13, 1908,  p.  161.    See  also  H.  H.  Morris,  Jour.  Am.  Chem.  Soc.,  vol.  40,  1918,  p.  917. 

•  On  the  relations  of  vegetation  to  the  deposition  of  gold  see  K .  E .  Lungwitz,  Zdtschr.  pnjct.  Ctoologie, 
1900,  pp.  71,  213. 

Y  See  C.  Wilkinson,  Trans.  Roy.  Soc.  Victoria,  vol.  8,  ison,  p.  11:  W.  Skey,  Trans.  New  Zealand  Inst., 
vol.  3,  1870,  p.  225;  vol.  5,  1872,  pp.  370,  382;  A.  Livcrsidpe,  Proe.  Roy.  Soc.  New  South  Wales,  vol.  27, 
1893,  p.  303;  C.  Palmer  and  E.  S.  Bastin,  Econ.  Gcolog>',  vol.  8,  1913,  p.  140;  F.  F.  Grout,  Idem,  p.  407; 
A.  D.  Brokaw,  Koon.  Geology,  vol.  21,  1913,  p.  251. 
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same  way.  So,  too,  does  tellurium,  according  to  V.  L^iher,^  and  also 
the  so-called  tellurides  of  gold.  If  the  latter  were  definite  com- 
poimds,  they  could  hardly  behave  as  precipitants  for  one  of  their 
constituent  elements. 

Silver,  like  gold,  is  widely  diffused  in  nature.  Its  presence  in 
igneous  rocks,  together  with  gold,  has  been  shown  in  the  preceding 
pages,  and  its  existence  in  sea  water  was  noted  in  an  earher  chapter. 
A.  Liversidge  '  foimd  it  in  rock  salt,  seaweed,  and  oyster  shells,  while 
W.  N.  Hartley  and  H.  Ramage  *  discovered  spectroscopic  trapes  of 
silver  in  a  large  number  of  minerals.  Out  of  92  iron  ores  of  all 
classes  only  four  were  free  from  silver,  and  it  was  generally  detected 
in  manganese  ores  and  bauxite.  Blende,  galena,  and  the  pyritic  ores 
almost  invariably  contain  it.  Argentiferous  galena,  silver-lead  ore, 
is  one  of  the  chief  sources  of  this  metal. 

Unlike  gold,  silver  occurs  not  only  native,  but  in  compounds. 
The  sulphides,  sulphosalts,  and  halogen  compounds  are  best  known; 
but  selenides,  tellurides,  arsenides,  antimonides,  and  bismuthides  also 
exist.  These  minerals  or  groups  of  minerals  are  be^t  (nmsidered 
separately. 

Native  silver,  like  native  gold,  is  rarely  if  ever  pure.  It  commonly 
contains  admixtures  of  gold,  copper,  and  other  metals  in  extremely 
variable  proportions.  Silver  amalgam,  for  instance,  ranges  from  27.5 
to  95.8  per  cent  of  silver,  with  from  72.5  to  3.6  per  cent  of  mercury. 
In  the  Lake  Superior  copper  mines  silver  is  often  embedded  in  native 
copper,  each  metal  being  nearly  pure.  Specimens  showing  this 
association  are  locally  known  as  '*h^-breeds. " 

In  most  cases  native  silver  is  a  secondary  mineral.  It  is  often 
found  in  gossan,  and  R.  Beck  ^  mentions  films  of  silver  upon  the 
scales  of  fossil  fishes  from  the  Mansfield  copper  shales.  According 
to  J.  H.  L.  Vogt®  the  native  silver  of  Kongsberg  is  largely  formed  by 
reduction  from  argentite,  although  a  derivation  from  proustite  may 
also  be  observed.  The  silver  thus  formed  is  conmionly  filiform.^  In 
a  subordinate  degree  crystallized  silver  appears  as  a  primary  deposit 
from  solutions.  Vogt  regards  a  solution  of  silver  carbonate  or  bicar- 
bonate as  the  source  of  the  metal,  probabU'  because  of  its  association 

>  Jour.  Am.  Chera.  Sop.,  vol.  24, 1907,  p.  355.  See  also  R.  D.  Hal!  and  V.  Lenher,  idem,  p.  919.  Later 
papers  by  Lenher  are  in  Kcon.  Geolojo*,  vol.  7, 1912,  p.  744;  vol.  9, 1914,  p.  523.  On  the  relations  of  colloidal 
gold  to  ore  depasition,  see  Bastin,  Jour.  Washington  Acad.  Sd.,  vol.  5,  p.  64, 1915. 

•  For  a  list  of  the  Survey  publications  on  gold  and  silver  see  Bull.  T\  8.  Oeol.  Survey  Xo.  470, 1911. 
•Jour.  Chem.  Soc.,  vol.  71,  1897,  p.  298. 

*  Idem,  vol.  71,  1897,  p.  533. 

»  Ore  deposits,  Weed's  translation,  p.  371.  According  to  J.  K.  Spurr,  cited  by  Kmmons  in  Bull.  V.  S. 
Oeol.  Survey,  No.  625,  p.  271,  silver  replaces  organic  muini In  tte  mines  of  Aspen,  Colorado. 

•  Zdtschr.  prakt.  Geologic,  1899,  pp.  ua,  177.  - .    ^^>*j 

*  On  the  formation  of  "hair  silver"  see  V.  KiMUtMiiimiH^KMtittf^  Uebig's  Annalen^  vol. tfl^^ 
1912,  p.  340. 
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with  calcite,  and  thinks  that  ferrous  compounds  or  carbonaceous  sub- 
stances are  the  precipitants. 

The  reduction  of  silver  and  its  complete  precipitation  in  the  metal- 
lic state  by  organic  matter  was  long  ago  observed  by  H.  de  Senar- 
mont.'  T.  A.  Rickard  '  also  found  that  it  was  thrown  down  as  a 
metallic  coating  upon  a  black,  carbonaceous  shale.  The  reduction  of 
the  sulphide  by  hydrogen  is  also  possible,  but  less  likely  to  occur 
under  natural  conditions.*  Any  reaction,  however,  which  generated 
nascent  hydrogen  in  contact  with  silver  solutions  would  precipitate 
the  metal. 

The  nature  of  the  silver  solutions  in  metalliferous  veins  is  not  posi- 
tively known.  Apart  from  Vogt^s  suppositions,  it  seems  probable  that 
silver  sulphate  may  be  formed  by  oxidation  of  the  sulphide.  That 
salt,  however,  would  almost  certainly  be  transformed  into  chloride 
by  the  chlorides  present  in  percolating  waters.  Silver  chloride, 
although  soluble  with  difficulty,  is  not  absolutely  insoluble,  and  very 
dilute  solutions  of  it  may  well  take  part  in  the  filling  of  veins.  It 
htus  long  been  known,  also,  that  silver  is  dissolved  by  hot  solutions 
of  ferric  sulphate,  a  reaction  which  has  been  studied  by  H.  N.  Stokes^ 
.  in  the  laboratory  of  the  United  States  Geological  Survey.  The  reac- 
tion, 2Ag-fFe2(S04)8=«Ag2S04-f  2FeS04,  is  reversible,  and  crystal- 
lized silver  is  redeposited  on  cooling.  Stokes  also  found  that  a 
solution  of  copper  sulphate,  at  200°,  was  an  effective  solvent  of  silver, 
this  reaction,  like  the  other,  being  reversible.  Pseudomorphs  of 
cerargyrite,  ruby  silver,  argentite,  and  stephanite  after  native  silver 
are  mentioned  by  Dana.* 

The  natural  arsenides,  antimonides,  and  bismuthides  of  silver  are 
imperfectly  known.  An  arsenide,  AgjAs,  was  described  by  H.  Wurtz,* 
under  the  name  huntilite.  Wurtz  also  reported  an  antimonide,  ani- 
mikite,  AggSb.  Both  minerals  were  found  in  the  Silver  Islet  mine, 
Lake  Superior.  The  commoner  antimonide,  dyscrasite,  varies  from 
AggSb  to  AggSb.'     The  bismuthide,  chilenite,  is  perhaps  Ag^Bi. 

Silver  sulphide,  AgjS,  is  found  in  nature  in  two  forms — the  iso- 
metric argentite,  which  is  a  common  ore,  and  the  rare  orthorhombic 
acanthite.  It  is  one  of  the  easiest  of  the  silver  compounds  to  prepare, 
and  is  formed  whenever  moist  hydrogen  sulphide  ■  comes  into  con- 

>  Annalcs  chim,  phys.,  3d  ser.,  vol.  32,  1851,  p.  140. 

>  Trans.  Am.  Inst.  Mln.  Kng.,  vol.  26, 189G,  p.  978. 

s  Sec  G.  Blscbof,  Lehrbuch  der  chomiscben  und  physikalischcn  Gcologie,  2d  edl,  vol.  3,  p.  856.    Abo  J. 
Kargcttct,  Compt.  Rend.,  vol.  85, 1877,  p.  1142. 

*  Econ.  Geology,  vol.  1, 1906,  p.  64d.    Seo  also  the  experiments  of  H.  C.  Cooke  relative  to  secondary  enrich- 
ment in  Jour.  Geology,  vol.  21,  1913,  p.  1.    lie  found  that  FeS04  is  a  precipitant  of  silver. 

» System  of  mineralogy,  6th  ed.,  p.  20. 

•  Kng.  and  Min.  Jour.,  vol.  27, 1879,  pp.  b5f  124. 

'  The  compound  AgsSb  appears  to  be  the  only  definite  antimonide  of  silver,  the  others  are  mixed  crystals- 
Bee  C.  T.  Heycock  and  F.  H.  Neville,rhilos.  Trans.,  vol.  189A,  1897,  p.  25;  E.  Maey,  Zeitsohr.  physikal. 
Chemie,  voL  GO,  1904,  p.  300;  G.  I.  Petrenko,  Zeitsohr.  anorg.  Chemie,  vol.  CO,  1906,  p.  139,  and  T.  LUblsch, 
BJUangsb.  K,  Akad.  Wiss.  Berlin,  1910,  p.  365.    Petrenko  cites  other  references. 
m^^ Dry  hydrogen  sulphide  does  not  attack  aUvei . 
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tact  with  any  other  silver  salt,  or  with  the  metal  itself.  As  crystal- 
lized argentite  it  has  been  prepared  in  several  ways.  J.  IXrocher  * 
obtained  it  by  the  action  of  hydrogen  sulphide  upon  silver  chloride 
at  high  temperatures.  J.  Margottet '  prepared  argentite  by  passing 
the  vapor  of  sulphur  over  silver  at  a  low  red  heat.  With  seleniiun 
or  tellurium  vapor  the  corresponding  selenide  and  telluride  of  silver 
were  formed.  J.  B.  Dmnas'  obtained  the  crystallized  sulphide  by 
the  same  process.  F.  Roessler  *  crystallized  argentite  and  the  selenide 
from  solution  in  molten  silver,  and  the  selenide  also  from  fused  bis- 
muth. C.  Geitner,*  by  heating  silver  to  200°  with  a  solution  of 
sulphiu-ous  acid,  obtained  argentite.  Silver  sulphite,  heated  with 
water  to  the  same  temperature,  broke  down  into  argentite  and  crys- 
tallized silver.  According  to  E.  Weinschenk,*  argentite  is  produced 
when  silver  acetate  and  a  solution  of  ammonium  sulphocyanate  are 
heated  together  to  180°  in  a  sealed  tube.  In  this  case  the  decom- 
position of  the  sulphocyanate  yields  hydrogen  sulphide,  which  is  the 
actually  effective  reagent.  Finally,  W.  Spring^  claims  to  have 
found  {hat  silver  and  sulphur  could  be  forced  to  combine  by  repeated 
compression  together  of  the  two  finely  divided  elements.  The  pres- 
sure employed  was  6,500  atmospheres.  Silver  and  arsenic  also  unite  • 
under  the  same  conditions.  Spring's  experiments,  however,  or  at 
least  his  deductions  from  them,  are  of  doubtful  validity.  Later 
investigations  have  failed  to  confirm  them." 

Some  of  these  syntheses  evidently  have  no  exact  parallel  in  nature. 
Probably  the  natural  reactions  are  of  the  simplest  kind.  Sulphur, 
sulphur  dioxide,  or  hydrogen  sulphide  acts  either  upon  metallic  silver 
or  upon  any  of  its  naturally  available  compounds,  solid  or  in  solu- 
tion, and  the  sulphide  is  formed.  Its  crystallization,  which  is  accel- 
erated by  the  laboratory  methods,  is  presumably  a  question  of  time, 
aided  by  the  slight  solubility  of  the  compound.  The  last  remark, 
obviously,  applies  to  many  other  sulphides  also.  The  reduction  of 
sulphate  solutions  by  organic  matter  is  another  probable  mode  of 
generation. 

It  has  already  been  shown  that  argentite  is  easily  reduced  to  sil- 
ver. Indeed,  silver  sulphide  is  the  most  readily  reducible,  that  is, 
the  least  stable,  of  all  the  commoner  sulphides.  This  is  illustrated 
by  its  heat  of  formation,  which  is  low  compared  with  that  of  other 
sulphides.     The  following  data,  giving  heats  of  formation  from  solid 

» Compt.  Rend.,  vol.  32, 1851,  p.  825. 

« Idem,  vol.  85, 1877,  p.  1142. 

»  Annales  chim.  phys.,  3d  ser.,  vol.  55, 185©,  p.  147. 

« Zeitschr.  anorg.  Cheinie,  vol.  9, 1895,  p.  31. 

»  Liebig's  Annalen,  vol.  129, 1864,  p.  358. 

•Zeitsichr.  Kryst.  Min.,  vol.  17, 1890,  p.  497. 

f  Ber.  Deutsch.  chem.  Gesell.,  vol.  16^  1883,  pp.  SM»  Mtt;  mi.  13,  tMi,  p.  iai& 

•  See  W.  Hallock,  Am.  Jour.  Set.,  3d  ser.,  voL  *^ttn^f^4M|aa|ML  U.  &  Oeol.  Socvt^'i  ^^.^^'^M^ 
p.  38.    Also  the  general  discussion  of  pressoi^  eflt0|ilii[|^^^^Mfl|dk\i.'CL.  K^vcevs.^  Ktcs^^«sox.^gN^. 
4tl)  ser.,  vol.  35,  x913,  p.  205.  ^^^^^^^^H^fc 
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metal  and  solid  sulphw,  are  furnished  by  Julius  llioinsen.*    Tha 
figures  represent  small  calories. 

Heats  of  formation  of  various  sulphides. 

PbS 20,430 

CuaS 20,270 

HgS 16,800 

Ag^ 5, 340 

On  the  other  hand,  silver  is  precipitated  from  its  solutions  by 
pyrite,  chalcopyrite,  galena,  and  other  sulphides.*  H.  N.  Stokes,' 
in  the  laboratory  of  the  United  States  Geological  Survey,  found  that 
marcasite,  heated  with  silver  carbonate  and  potassiiun  bicarbonate 
solution  at  180®,  precipitated  silver  sulphide.  According  to  R. 
Schneider,^  bismuth  sulphide  precipitates  silver  sulphide  from  a 
nitrate  solution.  A.  Gibb  and  R.  C.  Philip,'  also  working  with  silver 
nitrate  solutions,  found  that  cuprous  sulphide  precipitated  silver  sul- 
phide, while  copper  or  cuprous  oxide  threw  down  metallic  silver. 

In  a  recent  investigation  by  Chase  Palmer  and  E.  S.  Bastin*  a 
considerable  number  of  sulphides  were  treated  with  dilute  solutions 
of  silver  sulphate  at  ordinary  room  temperatures.  Metallic  silver 
was  precipitated  by  chalcocite,  niccolite,  coVellite(?),  bornite,  ten- 
nantite,  alabandite,  smaltite,  marcasite,  pyrrhotite,  and  chalcopyrite. 
Little  or  no  reaction  was  observed  with  cinnabar,  stibnite,  pyrite, 
galena,  millerite,  sphalerite,  jamesonite,  orpiment,  and  realgar.  A 
specimen  of  niccolite  contaiiiing  much  cobaltite  gave  peculiarly 
suggestive  results.  The  niccolite  went  completely  into  solution, 
precipitating  an  equivalent  amount  of  silver,  while  the  cobaltite  was 
unattacked.  The  arsenides  generally  were  found  to  dissolve,  while 
the  sulpharsenides,  like  cobaltite  and  arsenopyrite,  failed  to  react 
A  quantitative  method  for  estimating  the  relative  proportions  of 
such  minerals  in  a  mixture  is  therefore  now  available,  apart  from  the 
significance  of  the  data  in  the  study  of  secondary  enrichment.  In 
certain  details  the  results  obtained  are  apparently  inconsistent  with 
the  statements  of  previous  investigators.  This  inconsistency  is  prob- 
ably due  to  differences  in  the  experimental  conditions.  Different 
solutions,  whether  acid  or  alkaline,  different  concentrations  and 
temperatures,  and  impurities  in  the  minerals  studied  woidd  account 
for  much  discordance.  Pyrite,  for  example,  often  contains  admix- 
tures of  marcasite,  the  latter  being  an  active  precipitant  of  silver, 

1  Thermochemische  Untersuchungen,  vol.  3, 1883,  p.  455. 

•  See  W.  Skey,  Trans.  New  Zealand  Inst.,  vol.  3, 1870,  p.  225. 

•  Econ.  Geology,  vol.  2, 1907,  p.  16. 

•  Jour,  prakt.  Chemie,  2d  ser.,  vol.  41,  iggo,  p.  414. 

•  Trans.  Am.  Inst.  Min.  Eng.,  vol.  36, 1906,  p.  667. 

•  Econ.  Geology,  vol.  8, 1913,  p.  140.  Also  Palmer,  idem,  vol.  9, 1914,  p.  664,  and  vol.  12, 1917,  p.  207.  Ob 
the  application  of  these  experiments  to  the  study  of  the  silver  ore  of  Cobalt,  Ontario,  sea  Baitiii,  ldMl^  rtL 
12,  p.  219. 
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the  former  not.  Such  impure  pyrite  would  evidently  give  an  appar- 
ently abnormal  reaction.  The  case  of  covellite  is  similarly  question- 
able. The  natural  mineral  contains  some  admixed  chalcocite^  which 
precipitates  silver  quantitatively.  Pure  cupric  sulphide  dissolves  in 
a  solution  of  silver  sulphate,  precipitating  silver  sulphide.  It  is 
desirable  that  reactions  of  this  class  should  be  fiu*ther  investigated 
with  pure  synthetic  minerals,  and  also  with  solutions  of  silver  chloride. 
The  nitrate  is  not  an  appropriate  solvent  to  use,  for  it  probably 
does  not  occur  in  nature,  and  it  may  give  rise  to  confusing  sec- 
ondary reactions.  Primary  reactions  of  this  character  described  in 
the  preceding  paragraphs  doubtless  assist  in  the  secondary  enrich- 
ment of  ore  bodies,  the  silver  being  dissolved  above  and  redeposited 
below. 

The  doubtful  behavior  of  covellite  as  a  precipitant  of  metallic 
silver  is  shown  by  the  experiments  of  Gibb  and  Philip,  which  have 
already  been  cited.  More  recently  E.  Posnjak  *  and  H.  W.  Ellery  * 
have  also  shown  that  covellite  precipitates  silver  sulphide  from  solu- 
tions of  silver,  and  not  the  free  metal.  Furthermore,  F.  F.  Grout  * 
has  proved  that  in  the  presence  of  ferric  sulphate  only  silver  sulphide 
B  thrown  down.  Grout  has  especially  studied  the  relations  between 
cold  acid  sulphate  solutions  and  alkaline  extracts  of  metallic  sul- 
phideSy  in  which  the  latter  are  reprecipitated.  Chemically  this 
reaction  is  one  which  would  obviously  take  place;  but  Grout  su^ests 
that  such  alkaline  solutions,  ascending  from  below,  may  meet  descend- 
ing acid  solutions  and  so  cause  the  formation  of  ore  deposits.  These 
observations  may  fairly  be  correlated  with  the  experiments  by 
Gark  and  Menaul  upon  the  colloid  migration  of  sidphides,  which 
were  cited  in  a  previous  section  of  this  chapter.^ 

The  selenide  of  silver,  naumannite,  AgjSe,  is  a  well-known  but  rare 
mineral.  A  sulphoselenide,  aguilarite,  Ag4SSe,  has  also  been  de- 
scribed. Naumannite  often  contains  lead,  due  to  admixtiu*es  of 
tiie  lead  selenide. 

Hessite  is  the  normal  telluride  of  silver,  AgjTe.  Stutzite,  AgfTe,  is 
a  more  doubtful  substance.  The  synthesis  of  hessite  by  Margottet  has 
already  been  mentioned.  B.  Brauner  ^  also  obtained  it  by  (he  same 
method.  R.  D.  Hall  and  V.  Lienher'  prepared  the  compound  by 
Bsducing  silver  tellurite,  and  they  also  found  that  a  telluride  was  pre- 
cipitated by  the  action  of  tellurium  upon  silver  solutions.    Two  tel- 

>  Joar.  Am.  Chexn.  8oc.,  vol.  36, 19U,  p.  2475. 

•  Eooo.  Geology,  vol.  10, 1915,  p.  580. 

•  Xdein,  vol.  8, 1013,  p.  417. 

•  Otbtf  recent  exi>eiimeDts  relative  to  the  solution  and  precipitation  of  silver  ores  are  by  L.  O.  Ravicz, 
■ooiL  Geology,  vol.  10, 1015,  p.  368.  That  kaolin  and  orthoclase  can  precipitate  silver  from  sulphate  solu- 
ttODS  has  been  shown  by  E.  C.  Sullivan  in  Bull.  U.  S.  Oeol.  Survey  No.  812, 10O7.  In  Bull.  625,  pp.  252-263, 
W.  H.  Emmons  has  given  many  other  related  data. 

•  Jour.  Chem.  Soc.,  vol.  55, 1880,  p.  388. 
•Jour.  Am.  Cbem.  8oc.,  vol.  24, 1002,  p.  oio. 

118760*— la— Bull.  695 42 
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lurides,  AgTe  and  Ag,Te  have  been  prepared  by  O.  Pellmi  and 

E.  QuePcigh.  * 

Eucairite,  CoAgSe;  stromeyerite,  CoAgS;  stembergite,  AgFe,S,; 
and  frieseite,  AgjFejS^,  are  rare  silver-bearing  minerals. 

The  sxilphosalts  formed  by  silver  with  the  solphides  of  arsenic,  anti- 
mony, and  bismuth  are  quite  numerous.  Some  of  them  are  important 
ores;  others  are  mineralogiral  rarities;  but,  on  account  of  their  inter- 
relationships, all  are  signifir4mt.     They  may  be  arranged  as  follows: 

Smithite AgAflS, Monoclinic. 

Miargyrite VgSbSj MonocKnic. 

Matildito AgBiS^ (?) 

ProiiBtite AgjAaS, Rhombohedral. 

Xanthooonito AgjAsSj Monoclinic. 

Pyraigyrite  ' Ag,SbS, Rhombohediml. 

Pyroetilpnite Ag^SbS, Monoclinic. 

Tapalpitu  *'* AgjBiTej Mafisive. 

Stephanite Ag5Sb84 Orthorbombic. 

Pearceite Ag^AsS^ Monoclimc. 

Polybaaite Ag^SbS^ Orthoifaombic. 

Polyargyrite Aga^Sb^i^ Isometric. 

Scbapbacbite AgsPbBijSft Orthorbombic.  ■ 

Brongniardite AgjPbSbjS, Isometric. 

Andorite AgPbSbjSe Orthoriioinhic. 

Schirmerite (Ag,,Pb)3Bi4S9 Massive. 

Diaphorite (Afo,Pb)5Sb48,i Orthorbombic. 

Freieslebenite ( Ag2»Pb)eSb4S,i Monoclinic. 

Several  other  sulphosalts  of  lead  and  copper  also  contain  replace- 
ments of  silver  of  considerable  importance.  Tennantite,  CugAssS,, 
contains  up  to  13.65  per  cent  of  silver;  and  tetrahedrite,  Cu^SbjSy,  up 
to  31.3  per  cent.  In  cosalite,  PbaBijSj,  as  much  as  16.66  per  cent  of 
silver  has  been  found.  The  tin  and  germanium  sulphosalts,  canfield- 
ite,  AggSnSe,  and  ai^yrodite,  AggGeS^,,  are  very  rare  minerals.  Small 
admixtures  of  any  of  these  compounds  with  other  sulphides,  how- 
ever, would  render  the  latter  useful  ores  of  silver. 

Several  of  these  sulphosalts  have  been  prepared  synthetically. 
J.  Durocher  *  claims  to  have  obtained  them  by  heating  mixed  chlorides 
of  silver  and  antimony,  or  silver  and  arsenic,  in  a  current  of  hydrogen 
sulphide.  Details  are  not  given.  H.  de  Senarmont,*  by  heating  a 
salt  of  silver  at  temperatures  ranging  from  250®  to  350®  with  a  solu- 
tion of  an  alkaline  sulpharsenite  or  sulphantimonite  in  an  excess  <rf 
sodium  bicarbonate,  succeeded  in  producing  pyrargyrite  and  prous- 
tite.     By  precipitating  a  solution  of  silver  nitrate  with  the  potas- 

>  Am  R.  aooad.  Lincei,  vol.  19,  pt.  2,  1910,  p.  415. 

I A  mangaoiliBroas  salphantiiiMiiiide  of  ailyer,  ssmsonite,  alHed  tm  pyivgyiite,  taM  b«Q 
Werner  and  Fraatc,  Centralbl.  Min.,  Oeol.  u.  Pal.,  1910,  p.  331. 

*  Contains  some  sulphur  partly  repladng  teUurium. 

*  Compt.  Rend.,  vol.  32,  1851,  p.  825. 

*  Annales  chim.  phys., ,  3d  ser.,  vol.  32,  1851,  pp.  171-173. 
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• 

dum  sulphantimonate,  KgSbS,^  I.  Pouget  ^  obtained  the  amorphous 
compound  AgjSbSj,  equivalent  in  composition  to  pyrargyrite. 
C.  Doelter*  prepared  miai^rite,  pyrargyrite,  and  stephanite  by  a 
modification  of  Senarmont's  method.  Silver  chloride,  mixed  with  a 
sodium  carbonate  solution  of  potassiimi  sulphantimonate  in  varying 
proportions,  was  heated  with  hydrogen  sulphide  in  sealed  tubes  to 
80°-150°.  Pyrargyrite  was  most  easily  formed;  miargyrite  appeared 
only  once.  Doelter'  also  heated  silver  chloride  with  antimony 
trichloride,  sulphide,  or  oxide  in  hydrogen  sulphide,  and  obtained 
similar  results.  H.  Sommerlad^  prepared  pyrargyrite,  miaigyrite, 
and  stephanite  by  heating  antimony  sulphide  and  silver  chloride 
together.  With  arsenic  trisulphide,  proustite  was  formed.  The 
same  species,  and  also  polyargyrite,  were  produced  when  the  com- 
ponent sulphides  were  fused  together  in  a  stream  of  hydrogen  sul- 
phide. According  to  R.  Schneider,**  potassium  bismuth  sulphide, 
KBiS,,  added  to  a  solution  of  silver  nitrate,  precipitates  the  compoimd 
AgBiSj.  This,  crystallized  by  fusion,  becomes  matildite.  Matildite 
was  also  made  by  Roessler  •  when  the  sulphides  of  silver  and  bismuth 
were  allowed  to  crystalUze  together  from  solution  in  molten  bismuth. 

F.  M.  Jaeger  and  H.  S.  van  Klooster,^  by  prolonging  heating  at 
200°-240°  of  a  mixture  of  antimony  trichloride  and  silver  sulphide  in 
a  concentrated  solution  of  sodiimi  sulphide  and  sodiimi  bicarbonate, 
obtained  crystalline  scales  of  pyrargyrite.  By  direct  fusion  of  the 
component  sidphides  together  in  an  atmosphere  of  nitrogen  they  pre- 
pared pyrargyrite,  miargyrite,  proustite  and  ''arsenomiargyrite/'  the 
last  named  being  probably  identical  with  smithite.  From  tne  fusion 
diagrams  they  infer  that  some  of  Sommerlad's  results  were  erroneous. 

From  these  syntheses  it  is  evident  that  the  sulphosalts  of  silver 
are  easily  formed,  and  by  various  methods.  Those  which  involve 
fusion  are  probably  not  operative  in  nature,  for  the  ores  under  con- 
sideration are  commonly  associated  with  gangue  minerals  which 
could  not  be  formed  in  that  way.  Quartz,  calcite,  fluorite,  barite, 
etc.,  are  vein  minerals  which  can  be  deposited  only  from  solution, 
and  the  same  rule  must  hold  for  the  accompanying  sulphides.  Solu- 
tions of  silver,  produced  by  oxidation  of  ores,  probably  react  with 
great  slowness  upon  sulphur  compounds  of  arsenic,  antimony,  or 
bismuth;  and  the  new  minerals  are  produced  under  varying  condi- 
tions. The  natiu'e  of  the  primary  sulphides  and  of  the  infiltrating 
solutions,  together  with  conditions  of  concentration  and  temperature, 
determines  the  character  of  the  sulphosalts  to  be  formed.     These  con- 

»Compt.  Rend.,  vol.  124, 1«97,  p.  1518. 

*  AUgemeine  chemLsche  Mineralogie,  1890,  p.  152. 
tZeitschr.  Kryst.  Min.;  vol.  11, 1886,  p.  29. 

4  Zeitschr.  anorg.  Chemie,  vol.  15, 1897,  p.  173;  vol.  18, 1896,  p.  420. 
»  Jour,  prnkt.  Cherale,  2d  ser.,  vol.  41, 1890,  p.  414. 

•  Zeitschr.  anorg.  Chemie,  vol.  9, 1895,  p.  31. 
T  Idem,  vol.  78,  1912^  p.  245. 
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ditions  are  imperfectly  known,  at  least  quantitativelyy  and  so  far  as 
the  natural  phenomena  are  concerned;  but  the  syntheses  give  hints 
which  may  aid  in  their  future  discovery.  It  is  also  possible  that 
arsenical  or  antimonial  solutions  may  react  upon  silver  compounds, 
such  as  argentite  or  the  chlorides,  and  so  form  sulphosalts  of  different 
kinds.  The  supposable  reactions  are  many,  and  it  is  not  easy  to 
determine  which  ones  have  operated  in  any  particular  case. 

The  halide  ores  of  silver  remain  to  be  mentioned.  These  are  repre- 
sented by  three  distinct  and  several  intermediate  mineral  species; 
the  three  being  c^rargyrite,  or  horn  silver,  AgCl;  bromyrite,  AgBr, 
and  iodyrite,  Agl.  Embolite  is  a  chlorobromide;  iodobromite  is  rep- 
resented by  the  formula  2AgCl.2AgBr.AgI ;  cuproiodargyrite  is  near 
CuAglj;  and  miersite  is  an  isometric  iodide  of  silver,  the  conunoner 
iodyrite  being  hexagonal.' 

All  these  minerals  are  secondary,  and  appear  for  the  most  part 
in  the  upper  levels  of  ore  bodies.  Infiltrating  solutions  of  chlorides, 
bromides,  or  iodides  act  upon  the  oxidation  products  of  the  primary 
ores,  and  precipitate  these  relatively  insoluble  species.  They  are  not 
absolutely  insoluble,  however,  and  probably  crystallize  very  slowly 
from  extremely  dilute  solutions.  A  form  of  silver  chloride  identical 
in  appearance  with  cerargyrite  was  prepared  by  F.  Kuhlmann  *  wh^ 
a  solution  of  silver  nitrate  was  allowed  to  mix  very  gradually  with 
aqueous  hydrochloric  acid.  The  two  solutions  were  separated  by  a 
porous  layer  of  asbestos,  pumice,  or  platinum  sponge,  through  which 
they  slowly  conmiingled.*  Such  a  blending  of  solutions  may  take 
place  in  nature,  through  layers  of  decomposed  rock  substance,  such 
as  a  sandy  clay  or  a  gossan. 

COPPER. 

The  minerals  of  copper  are  much  more  niunerous  than  those  of 
silver,  and  represent  a  wider  range  of  composition.  No  oxidized  oree 
of  silver  are  known,  but  copper  is  found  not  only  as  oxide,  but  also  in 
silicates,  sulphates,  phosphates,  arsenates,  carbonates,  a  basic  nitrate, 
and  an  oxychloride.  The  metal  is  easily  oxidizable,  and  is  also  easily 
reduced;  it  therefore  occurs  both  as  native  copper  and  in  its  many 
compounds. 

1  See  G.  T.  Prior  and  L.  J.  Spencer,  Minoralog.  Mag.,  vol.  13,  1902,  p.  174,  tor  a  general  paper  on  the 
eerargyrite  group.  H.  B.  Kosmann  (LeopoMina,  vol.  30, 18M,  pp.  193,  203)  has  diaonssed  the  ftimiation  of 
these  ores  from  a  thermochemical  point  ol  view.  A  mineral  having  the  formula  aONaCl-f  A|;C1  has  been 
called  huantajayite.  Recent  papers  on  the  genesis  of  these  ores  are  by  C.  R.  Eeyes,  Boon.  O«ology,  vol.  2, 
1907,  p.  774;  Bull.  Am.  Inst.  Min.  Eng.,  July,  1911,  p.  541;  J.  A.  Burgas,  Idem,  vol.  6, 1911,  p.  IS,  tnd  vol. 
13, 1917,  p.  589;  and  J.  W.  Young,  idem,  vol.  13, 1918,  p.  224.  See  also  A.  Knopf,  Eoon.  Geology,  vol.  13, 
1918,  p.  023. 

>  Compt.  Rend.,  vol.  42, 1856,  p.  374. 

*  H.  Debray  also  crystallized  the  chloride,  bromide,  and  iodide  of  silver  frara  aqueous  solutions  in  mer^ 
ouric  nitrate.  Compt.  Rend.,  vol.  70, 1870,  p.  905.  This  process  can  hardly  be  a  nprodoction  of  natural 
conditions.  Recent  papers  on  the  solubility  of  silver  halides  are  by  A.  G.  Melcher,  Jour.  Am.  Chem.  Soe., 
vol.  32, 1910,  p.  50;  and  W.  £.  Barlow,  idem,  vol.  27, 1906,  p.  1446.  For  other  data  see  Emmons's  ettations 
in  Bull.  U.  S.  Geol.  Survey  No.  625. 
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Native  copper  is  commonly,  if  not  always,  a  secondary  mineral, 
either  deposited  from  solution  or  formed  by  the  reduction  of  some 
solid  compound.  Pseudomorphs  of  copper  after  the  oxide,  cuprite, 
are  well  known;  and  remarkably  perfect  pseudomorphs  after  azurite, 
from  Grant  CJounty,  New  Mexico,  have  been  described  by  W.  S. 
Yeates.*  According  to  W.  Lindgren,^  a  vein  of  metallic  copper  at 
Clifton,  Arizona,  appears  to  have  been  formed  from  chalcocite. 
Examples  of  this  general  character  might  be  multiplied  indefinitely. 

T.  Camelley '  has  shown  that  metallic  copper  is  perceptibly  at- 
tacked and  dissolved  by  distilled  water,  and  much  more  so  by  saline 
solutions  resembling  those  existing  in  nature.  The  direct  solubility 
of  the  sulphides  was  considered  earlier  in  this  chapter,  and  also  the 
formation  of  strong  sulphate  solutions  by  oxidation  of  pyrite  ores. 
From  solutions  such  as  these,  but  very  dilute,  the  greater  deposits  of 
native  copper  appear  to  have  been  formed. 

In  the  Lake  Superior  region  the  greatest  known  deposits  of  metallic 
copper  are  foimd.^  Its  original  home,  perhaps  as  sulphide,  was  in 
the  unaltered  igneous  rocks,  but  its  concentrations  are  now  fbund 
in  the  sandstones,  conglomerates,  and  amygdaloids.  In  the  sand- 
stones and  conglomerates  it  acts  as  a  cement,  and  it  also  replaces 
pebbles  and  even  boulders  a  foot  or  more  in  diameter.  Some  of  the 
masses  of  copper  are  enormous;  one,  for  example,  found  in  the  Min- 
nesota mine  in  1857,  weighed  about  420  tons.  It  is  associated  with 
other  minerals  of  hydrous  origin,  such  as  epidote,  datolite,  calcite, 
and  zeolites,  and  calcite  crystals  are  known  which  had  been  coated 
with  copper,  and  then  overgrown  with  more  calcite.  Lane  also  men- 
tions a  quartz  crystal  which  had  been  corroded  and  mainly  replaced 
by  copper.  Frequently  the  copper  incloses  nodules  of  native  silver, 
which  were  evidently  precipitated  first  and  then  enveloped  by  the 
baser  metal.  Had  these  metals  been  deposited  from  a  fused  magma 
they  would  have  formed,  not  separately,  but  as  an  alloy.  The 
reducing  agent,  according  to  Pumpelly,  was  probably  some  compound 
of  iron,  oxide  or  silicate;  and  R.  D.  Irving  substantiates  this  opinion 
by  citing  particles  of  cementing  copper  which  inclosed  cores  of 
magnetite.  Pumpelly's  conclusion  was  based  upon  the  constant  asso- 
ciation of  the  Lake  Superior  copper  with  epidote,  delessite,  and  the 
green  earth  silicates,  all  of  which   are  ferriferous.     H.  N.  Stokes* 

>  Am.  Jour.  Sci.,  3d  ser.,  vol.  38, 1888,  p.  405. 

>  Prof.  Paper  U.  S.  Geol.  Survey  No.  43, 1905,  p.  101. 

■  Joar.  Chem.  Soo.,  vol.  30, 1876,  p.  1.    See  alao  R.  Meldnim,  Chem.  News,  vol.  78, 1808,  p.  209. 

4  See  H.  Credner,  Neues  Jahrb.,  1869,  p.  1;  R.  Pumpelly,  Am.  Joor.  ScL,  8d  aer.,  vol.  2,  1871,  p.  348; 
OeoL  Survey  Michigan,  vol.  l,  pt.  2,  1873,  and  Proc.  Am.  Acad.,  vol.  13, 1878,  p.  253;  M.  E.  Wadsworth, 
BolL  Mas.  Comp.  Zool.,  vol.  7, 1880,  p.  1;  R.  D.  Irving,  Mon.  U.  S.  Oeol.  Survey,  vol.  5, 1883,  chapter  10; 
A.  C  Lone,  Rept.  State  Bd.  Geol.  Survey  Michigan,  1908,  p.  239;  Quart.  BulL  Canadian  Min.  Inst.,  No.  13, 
1911,  p.  81;  and  two  volumes  on  the  Keweenaw  series,  published  by  the  Michigan  Survey  in  1911.  In  the 
Kaweenawan  rocks  of  Minnesota  F.  F.  arout  (Eoon.  Geology,  voL  5, 1910,  p.  471)  has  found  from  0.012 
to  O4B0  per  cent  of  copper. 

*  Boon.  Geology,  vol.  1,  p.  648, 1006. 
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has  found  that  hornblende  and  siderite  can  preeipitate  wmii^aIKt  oop* 
per  from  a  sulphate  solution  heated  to  200^.  Under  cortain  condi- 
tions, also, ferrous  sulphate,  pyrite,  and  chalcocite  are  capable, accord- 
ing to  Stokes,  of  reducing  cupric  sulphate  to  the  metallic  state.  Cop- 
per itself  reacts  with  cupric  sulphate  solutions,  reducing  them  to 
cuprous  form.  When  such  a  solution  of  cuprous  sulphate  is  produced 
at  a  high  temperature,  it  deposits  crystallised  metallic  copper  upon 
i^oling.'  In  this  way  a  hot  ascending  solution  of  cupric  sulphate 
may  dissolve  copper  and  redeposit  it  at  a  hi^er,  cooler  level.  H.  C. 
Biddle,'  by  heating  a  solution  of  ferrous  chloride,  cupric  <diloiide, 
and  potassiimi  bicarbonate  in  an  atmosphere  of  carbon  dioxide  under 
pressure,  obtained  a  precipitate  containing  metallic  copper.  A; 
Gautier'  has  shown  that  superheated  steam  will  reduce  cuprous 
sulphide,  chalcocite,  to  the  metallic  state,  according  to  the  reaction — 

CV^ -h  2H,0  =  2Cu  +  SO, -h  2H,. 

Sojme  experiments  conducted  in  the  physical  laboratory  of  the 
United  States  Geological  Survey  *  are  very  suggestive  as  r^ards  the 
crystallization  of  copper  and  silver.  Water,  ammonium  chloride,  and 
tremolite  were  heated  together  during  three  and  a  half  dajrs,  at  465** 
to  540°,  in  a  steel  bomb  lined  with  a  silver-plated  copper  tube.  The 
tube  was  attacked  near  its  base,  and  the  two  metals  were  redepKwited 
in  separate  crystals  in  the  upper  and  cooler  regions  of  the  apparatus. 
In  the  lower,  hotter  part  an  aDoy  of  silver  and  copper  was  formed. 

In  some  cases  organic  matter  is  evidently  the  reducing  agent.  H. 
de  Scnarmont '  showed  that  copper  solutions  were  thus  reduced  at 
temperatures  between  150®  and  250°.  R.  Beck*  mentions  native 
copper  filling  the  marrow  cavities  of  fossil  bones  in  the  Peruvian 
sandstones  of  Corocoro,  Bolivia.  TTie  films  of  copper  often  found  in 
shales,  as,  for  example,  near  Enid,  Oklahoma,^  were  doubtless  pre- 
cipitated by  substances  of  organic  origin.^ 

On  the  other  hand,  copper  readily  undergoes  oxidation,  yielding 
cuprite,  malachite,  and  sometimes  azurite.  AU  of  these  species  are 
known   to  occur  as  coatings  Upon   the  native  metal.     On  buried 

1 8t6k«t,  EcQO.  Geology,  vol.  1, 1906,  p.  648.    See  alao  earlier  investigations  cited  by  Stolces. 

3  Jour.  Geology,  vol.  9,  1901,  p.  430;  and  Am.  Chem.  Jour.,  vol.  26.  I90I,  p.  377.  O.  Femekes  (Eoon. 
Geology,  vol.  2, 1907,  p.  581)  has  alao  dwcribed  the  pndpitatioii  of  copper  from  neutial  ddortda  aolatiaDs 
by  FeClt.  See  also  C.  F.  Tolmao  and  J.  D.  Clark,  idem,  vol.  9, 1914,  p.  559,  on  the  behavior  of  coiqwr  in 
electrolytic  and  colloidal  solutions. 

« Compt.  Rend.,  vol.  142, 1906,  p.  1465. 

« Pielimtaiary  notica  by  P.  B.  Wiighi,  Sdenoe,  vol.  26,  1907.  p.  389. 

•  Amialei  chim.  phjfs.,  9d  aar.,  vek.  12,  Ittl,  p.  140. 

•  On  deposits,  Weed's  tranaistton,  p.  49*. 

T  8te  B.  Hacwortfa  and  J.  Bcmiatt,  BuU.  Gaol.  8oe.  Amerlea.  vol.  12,  ItOO,  p.  2. 

•  Tlia  associatkii  of  eoppar  ona,  oIlMr  than  natira  copper,  with  orgaaic  remslBB  Imhfwo  mmoB  ma. 
For  example,  E.  J.  Sefamtta  (Tnyis.  Am.  Inat.  Mtn.  Bng.,  vol.  26, 18W,  p.  IftI)  ■iiiiiii «— ir-g"***'^ 
of  copper  fn  fossil  wood  in  tkaPenBiaB  of  Tana.  Pareydlatalhugy,  vol.  1,1835,  p.  SU)  latest*  a  cnpftf- 
arous  peat  in  Wales  which  had  actually  been  worked  as  an  ore.  Its  ash  contalBed  mbmt  S  pv  maH  of 
copper. 
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Chinese  copper  coins  of  the  seventh  century  A.  F.  Rogers  ^  identified 
cuprite,  malachite,  azurite,  cerusite,  and  occasional  crystals  of 
metallic  copper.  In  the  last  case  the  oxidation  had  been  followed 
by  a  reduction.    Other  similar  examples  are  known. 

Among  the  less  important  ores  of  copper  there  are  three  arsenides, 
an  antimonide,  some  selenides,  and  a  telluride.  The  arsenides  are 
domeykite,  Cu^As;  algodonite,  Cu^As;  and  whitneyite,  Cu^As. 
Mohawkite  is  a  domeykite  containing  several  per  cent  of  cobalt  and 
nickel.  Domeykite  was  produced  artificially  by  G.  A.  Koenig,*  who 
passed  the  vapor  of  arsenic  over  red-hot  copper.  Horsfordite  is  the 
antimonide,  Cu^b.  Two  selenides  are  known,  namely,  berzelianite, 
CujSe,  and  -umangite,  Cu,Se,.  Crookesite  is  a  selenide  of  copper, 
silver,  .and  thallium,  and  rickardite  is  the  telluride,  Cu^Te,.  In  the 
electrolytic  refining  of  copper  at  Baltimore  considerable  quantities 
of  telluriiun  accumulate  in  the  slimes.  It  was  probably  diffused  as 
telluride  of  copper  in  the  original  ores. 

The  sulphides  of  copper  and  its  double  sulphides  with  iron  are  the 
most  important  ores  of  this  metal.  Their  composition  is  shown  in 
the  subjoined  formulae : 

Chalcocite CujS. 

Covellite CuS. 

Chalcopyritc CuFeSj. 

ChalpierBite  ' CuFcaS,- 

Cubanite CuFeaS4. 

Bomite*... CujFeS*. 

To  this  list  the  rare  cobalt  copper  sulphide,  carroUite,  CuCo^S^,  may 
be  added. 

Several  of  these  species  have  been  found  as  furnace  products,  or 
obtained  by  intentional  syntheses.  As  a  fiunace  product,  chalcopy- 
rite  has  been  several  times  reported;  and  A.  N.  WincheU'  found  it, 
together  with  bomite,  thus  formed,  probably  by  sublimation,  at 
Butte,  Montana.  On  another  product  from  the  same  locality,  W.  P. 
Headden  •  discovered  cubanite.  Chalcopyritc  was  first  prepared  by 
J.  Foumet,^  who  simply  fused  pyrite  and  copper  sulphide  together. 

>  Am.  Owkglst,  vol.  31,  1908,  p.  43.  Similar  coins,  probably  from  the  same  find,  are  in  the  collections 
oC  the  United  States  National  Museum.  A.  Lacroix,  Bull.  Soc.  min.,  vol.  32,  1900,  p.  834,  has  reported 
cbaloodte  on  ancient  Roman  coins. 

•  Am.  Joor.  Sd.,  4th  ser. ,  vol..  10, 1000,  p.  43Q. 

•  Bee  E.Hus8ak,Centralbl.  lfin.,Oeol.u.Pal.,1906,p.332.  R.Schneider  (Jour.prakt.Chemie,2d  ser., 
WfA.  52, 1805,  p.  555)  gives  the  formula  here  assigned  to  chalmersite  to  cubanite.  According  to  B.  L.  Johnson, 
dialmersite  is  abundant  in  some  mines  of  Prince  William  Sound ,  A laslca.    See  Ecoo.  Geology,  vol.  12, 101 7, 

p.  510. 

«  Formula  as  established  by  B.  J.  Harrington,  Am.  Jour.  Sd.,  4th  ser.,  vol.  1«,  1003,  p.  151.  The  older, 
eommooly  accepted  formula  is  CujFeSi.  On  serial  relations  between  the  copper-iran  sulphides,  tee  E.  H. 
Ki»a8andP.OoIdsberry,Am.Jour.8ci.,4th8er.,vol.37,1914,p.530.  An  Important  preliminary  paper  on 
these  ores,  by  L.  C.  Oraton  and  J.  Murdoch  is  in  Trans.  Am.  Inst.  Min.  Eng.,  vol.  45. 1914.  p.  26.  On  the 
oompositfton  of  bomite,  see  A.  F.  Rogers,  Science,  vol.  42, 1015,  p.  387 

•  Am.  Geologist,  vol.  28, 1001,  p.  244. 

«  Proc.  Colorado  Sd.  Soc.,  vol.  8, 1005,  p.  30. 
Y  Annates  des  mines,  3d  ser.,  vol.  4, 1833,  p.  8. 
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F.  de  Marigny  ^  obtained  bomite  by  fusing  pyriie  with  copper  turn- 
ings and  sulphur,  a  process  essentially  identical  with  Foumet's,  the 
difference  in  product  probably  depending  upon  the  proportions  of 

the  materials  used. 

J.  Durochor,*  by  the  action  of  hydrogen  sulphide  upon  the  vapor 
of  copper  chloride,  obtained  copper  sulphide  in  hexagonal  tableSi 
H.  de  Senarmont '  heated  a  solution  containing  ferrous  and  cuprous 
chlorides,  sodium  persulphide,  and  a  large  excess  of  sodium  bicar- 
bonate to  250^,  and  so  produced  an  amorphous  precipitate  having 
the  composition  of  chalcopyrite.  According  to  C.  Doelter,*  malachitei 
heated  with  hydrogen  sulphide  solution  to  80^-^0^  in  a  sealed  tube, 
yields  covellite.  Cupric  oxide,  heated  to  200°  in  a  stream  of  hydro- 
gen sulphide,  was  converted  into  covellite;  at  higher  temperatures 
chnlcocite  formed.  By  gently  heating  a  mixture  corresponding  to 
20uO  4-  FcjO,  in  gaseous  hydrogen  sulphide,  Doelter  obtained  chal- 
copyrite; and  from  a  mixture  of  cuprous,  cupric,  and  ferric  oxides 
in  the  same  gas  at  100®  to  200®  he  prepared  bomite.  E.  WeinschenK' 
eff(M5ted  the  synthesis  of  both  chalcocito  and  covellite  by  heating 
cuprous  or  cupric  solutions  with  ammonium  sulphocyanate  to  80® 
in  sealed  tubes.  It  must  be  remembered  in  this  connection  that  the 
sulphocyanate  serves  merely  as  a  source  of  hydrogen  sulphide  under 
prt^ssure.  A.  F.  Rogers  •  obtained  covellite  by  heating  sphalerite  in 
a  solution  of  copper  sulphate  at  150®-200°  in  a  sealed  tube;  and  E.  A. 
Stei)hen8on  ^  found  that  when  solutions  of  sulphides  were  heated  iii 
sealed  copper  tubes,  the  tubes  became  lined  with  crystals  of  chalco- 
cite. 

A  very  complete  synthetic  investigation  of  the  two  copper  sul- 
phides is  due  to  E.  Posnjak,  E.  T.  Allen,  and  H.  E.  Merwin.'  who 
fused  copper  and  sulphur  together  and  produced  chalcocite.  IhiSf 
however,  was  always  variable  in  composition,  for  the  reason  that  an 
excess  of  sulphur  was  always  present,  in  some  form  of  solid  solution. 
By  heating  the  impure  compound  in  a  vacuum  furnace  to  its  melting 
point,  1,130°,  pure  chalcocite  was  obtained.  Covellite  was  formed 
when  either  metalUc  copper  or  chalcocite  was  heated  in  a  stream  of 
hydrogen  sulphide. 

At  several  of  the  French  thennal  springs,  Bourbonne-les-Bains, 
Plombi^res,  etc.,  A.  Daubr^e  *  found  Roman  coins  and  "i^tftb  upon 

1  Compt.  Rend.,  vol.  58, 1864,  p.  W7. 

s  Compt.  Rend.,  vol.  82, 1851,  p.  825. 

f  Annales  chlm.  phys.,  3d  ser.,  vol.  32, 1851,  p.  166. 

« Zeitschr.  Kryst.  Min.,  vol.  11, 1886,  pp.  34-36. 

i  Idem,  vol.  17, 1890,  p.  497. 

•  School  of  Mines  Qoart.,  vol.  32, 1911,  p.  296. 
T  Joor.  Geology,  vol.  24, 1916,  p.  189. 

>  Eoon.  Geology,  vol.  10, 1915,  p.  491. 

•  Annales  des  mines,  7th  ser.,  vol.  8, 1875,  p.  439;  Compt.  Rend.,  vol.  80, 1875,  p.  461;  Jfetaidat a^aUMquM 
de  gtelogie  exp6rimentale,  pp.  72-86.    See  also  A.  Laerolx,  Bull.  Soo.  min.,  voL  83, 19Q0,  p. 
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which,  derived  from  the  bronze,  chalcocite,  chalcopyrite,  bomite,  and 
tetrahedrite  had  formed.  Similar  observations  were  miade  by  C.  A. 
de  Gouvenain  ^  at  Bourbon-rArchambault.  E.  Chuard '  found  chal« 
copyrite  upon  bronze  articles  from  the  Swiss  lake  dwellings.  In  all 
of  these  instances  the  copper  of  the  bronze  had  been  attacked  by 
waters  containing  either  hydrogen  sulphides  or  alkaline  sulphides. 

Of  these  sulphide  ores,  chalcopyrite,  bornite,  and  chalcocite  are  by 
far  the  most  important.  Chalcopyrite  and  bomite  are  probably  the 
primary  compounds  from  which  the  others  are  in  most  cases  derived, 
and  they  have  been  repeatedly  identified  as  of  magnmtic  origin.  In 
Tuscany,  according  to  B.  Lotti,*  pyrite,  chalcopyrite,  bomite,  chalco- 
cite, and  sometimes  blende  or  galena,  occur  in  serpen tinized  rocks  as 
original  segregations.  Similar  occurrences  in  Serbia  are  reported  by 
B.  Beck  and  Baron  W.  von  Fircks^  and  in  dioritic  rocks  at  Ookiep, 
Namaqualand,  by  A.  Schenck.^  In  a  pegmatite  near  Princeton, 
British  Columbia,  J.  F.  Kemp '  found  bomite,  which  had  all  the 
appearance  of  a  primary  mineral.  To  original  sources  of  this  kind, 
segregated  or  disseminated  sulphides,  the  other  concentrations  of 
copper  ores  may  reasonably  be  attributed.  These  minerals  are  found 
also  in  veins,  in  contact  zones,  and  in  impregnations  or  replacements 
in  sedimentary  rocks,  but  the  home  of  the  copper  in  the  first  place 
must  have  been  in  rocks  of  igneous  origin.  To  these  primitive  ores 
the  syntheses  by  fusion  may  have  some  relation ;  secondary  deposi- 
tions originated  by  other  methods. 

From  chalcopyrite  or  bomite,  conunonly  admixed  with  pyrite,  the 
other  ores  of  this  group  are  generated.  At  a  locality  in  the  Altai 
Mountains,  says  P.  Jerem6ef ,'  every  stage  of  transition  from  chalco- 
pyrite to  chalcocite  may  be  observed.  In  the  secondary  enrichment 
of  copper  ores,  pyrite  plays  an  important  part.  Cupric  solutions, 
formed  by  oxidation  of  ores  in  the  upper  levels  of  an  ore  body,  react 
upon  pyrite,  and  chalcocite  is  formed.  This  reaction  has  been  par- 
tially studied  by  H.  V.  Winchell,"  who  treated  cupriferous  pyrite 
with  dilute  solutions  of  copper  sulphate  and  sulphur  dioxide  and 
obtained  films  of  cuprous  sulphide.  The  sulphides  of  arsenic,  lead, 
and  zinc  precipitated  copper  sulphide  from  sulphate  in  the  same  way. 

i  Compt  Rend.,  vol.  80, 1875,  p.  1297. 
s  Idem,  voL  113, 1891,  p.  194. 

*  BalL  Soc.  g^l.  Belgique,  vol.  3,  M^m.,  1889,  p.  179. 
«Zeitflchr.  prakt.  Oeologie,  1901,  p.  321. 

•  Zeltschr.  Deutsch.  gool.  (ioscll.,  vol.  53,  Vorhandl.,  1901,  p.  64.  See  also  W.  IT.  Weed,  Eng.  and  Min. 
Jour.,  vol.  79, 1905,  p.  272. 

*  Trans.  Am.  Inst.  Min.  Eng.,  vol.  31,  1901,  p.  182.  Seo  also  J.  CAtharinct,  Eng.  and  Min.  Jour.,  vol.  79, 
1906,  p.  125.  Primary  bornite  and  chalcopyrite  in  a  dioritic  rock  of  Plumas  County,  California,  are  rcj^rted 
by  H.  W.  Turner  and  A.  F.  Rogers,  Econ.  ecology,  vol.  9,  p.  359, 1914. 

vZeitschr.  Kryst.  Min.,  vol.  31, 1899,  p.  508. 

•  Bull.  Geol.  Soc.  America,  vol.  14, 1903,  p.  269.  See  also  T.  T.  Head,  Bull.  Am.  Inst.  Min.  Eng.,  March, 
1906,  p.  261,  and  £.  C.  Sullivan,  idem,  January,  1907,  p.  143. 
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Chalcocite  is  thus  formed  both  from  pyrite  and  zmc  blende,  accord- 
ing to  W.  Lindgren,*  at  Clifton  and  Morenci,  in  Arizona.  Chalcocite 
itself  alters  into  chalcopyrite,  bomite,  and  covellite,'  the  last  species 
being  almost  invariably  of  secondary  origin.  C!ovellite  heated  with 
a  solution  of  sodium  bicarbonate  was  found  by  H.  N.  Stokes^  to 
yield  chalcocite;  and  chalcocite  reacts  with  copper  sulphate  to  form 
both  covellite  and  native  copper.  The  precipitation  of  chalcocite  by 
pyrite  was  also  verified  by  Stokes.*  In  short,  these  minerals  are  quite 
generally  convertible  one  into  another  by  very  varied  reactions,  and 
their  paragenesis,  therefore,  must  be  studied  independently  for  each 
deposit  in  which  they  occur.' 

In  the  experimental  study  of  secondary  enrichments  the  recent 
investigation  by  E.  G.  Zies,  E.  T.  Allen^  and  H.  E.  Merwin*  are  of 
much  significance.  They  heated  various  sulphides  in  sealed  tubes  at 
different  temperatures  from  200°  downward,  ^ath  solutions  of  copper 
sulphate,  and  noted  the  following  transformations: 

Pyrite  to  covellite  and  chalcocite. 

Pyrrhotite  to  chalcopyrite  and  probably  bomite. 

Chalcopyrite  to  covellite  and  chalcocite. 

Bomite  to  chalcocite. 

Covellite  to  chalcocite. 

Sphalerite  and  galena,  first  to  covellite  and  then  to  chalcocite. 

These  changes  are  significant  for  the  reason  that  copper  sulphate  is 
the  reagent  most  cpnmionly  formed  near  the  top  of  an  ore  body  and 
transferred  thence  in  solution  downward.  The  changes  produced 
artificially  are  the  ones  which  are  most  likely  to  occur.  What  vari- 
ations from  them  might  be  produced  by  other  constituents  of  the 
enriching  solution  is  not  clear,  but  they  are  not  likely  to  be  of  great 
importance.  The  migration  of  unoxidized  siilphides  should,  how- 
ever, be  taken  into  account.  The  total  of  enrichment  may  be  the 
result  of  several  distinct  processes.' 

Among  the  sulphosalts  there  are  a  number  containing  copper,  as 
follows: 

»  Prof.  Paper  U.  8.  Geol.  Survey  No.  43, 1905,  pp.  1S^186. 

s  See  Dana's  System  of  mineralogy,  dth  ed.,  p.  56. 

«  Econ.  Geology,  vol.  2, 1907,  p.  14. 

<  Bull.  U.  8.  Geol.  Survey  No.  186, 1900,  p.  44. 

•  At  Copper  Mountain,  British  Columbia,  according  to  Kemp  (Econ.  Geology,  vol.  1, 1905,  p.  U),  tlw 
original  ore  was  b^rnite;  and  from  that  mineral  covellite  with  limonite,  then  chalcocite,  uid  flnally  chaloo- 
cite  with  chalcopyrite  wore  successively  derived.  See  also  J.  Catharinet,  Eng.  and  Min.  Jour.,  voL  79, 
1905,  p.  135.  On  secondary  enrichment  of  chalcocite  ores  see  A.  C.  Spencer,  Econ.  Geology,  vol.  8, 1913, 
p.C21. 

•  r.con.  Geology,  vd.  11, 1906,  p.  407. 

7  See  also  S.  W.  Young  and  N.  P.  Moore  (Eoon.  Geology,  vol.  11,  1916,  pp.  S49,  574)  on  the  Influenoe  of 
H«S  in  the  enrichment  of  copper  oce. 
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Chalcostibite CuSbSa- 

Emplectite CuBiSj. 

Stylotypite » Cu,SbSa. 

Boumonite CuPbSbS,. 

Wittichenite Cu,BiS,. 

Aikenite CuPbBiS,. 

Enaigite CusAbS^. 

Famatinite ChitSbSf. 

Tennautite Chi^As^. 

Tetrahedrite CugSb^y. 

Klaprotholite Cu«Bi4S9. 

Epigenite  * OU7AB2S12. 

Cuprobism  utile Gi^BigSis. 

The  foregoing  fonntilaB  are  typical  and  make  no  allowance  for  the 
frequent  replacements  of  copper  by  other  metals,  or  of  bismuth, 
antimony,  and  arsenic  by  one  another.  For  example,  there  are  inter- 
mediate mixtures  between  tennantite  and  tetrahedrite,  and  bismuth, 
presTunably  as  CusBi^Sj,  is  sometimes  present  in  them.  There  are 
also  varieties  of  these  minerals  containing  very  notable  proportions 
of  silver,  mercury,  zinc,  or  lead ;  but  all  reduce  to  the  same  general 
type  of  f  ormula.' 

R.  Schneider  *  by  passing  hydrogen  sulphide  into  a  solution  con- 
taining bismuth  trichloride  and  cuprous  chloride  obtained  a  precipi- 
tate having  the  composition  of  wittichenite.  By  subsequent  fusion 
this  product  assumed  the  character  of  the  natural  mineral.  In  a 
later  investigation  •  he  treated  a  solution  of  cuprous  chloride  with  the 
potassium  salt  KBiS,  and  produced  a  compound  which,  after  special 
purification  and  fusion,  resembled  emplectite.  He  also  prepared 
emplectite  by  fusing  cuprous  sulphide  and  bismuth  sulphide  together. 
The  synthesis  of  boumonite  was  effected  by  C.  Doelter •'When  a 
proper  mixture  of  the  chlorides  or  oxycompounds  of  copper,  Ifead,  and 
antimony  was  heated  in  a  stream  of  hydrogen  sulphide  to  a  tempera- 
ture below  redness.  Above  that  temperature  the  antimony  com- 
pounds volatilize.  Evidently  the  sulphosalts  of  arsenic  and  anti- 
mony can  be  generated  only  at  relatively  low  temperatures.  By 
heating  cuprous  chloride  with  antimony  sulphide  to  300®,  H.  Som- 
merlad '  prepared  chalcostibite.  AnoUier  pi^paration  correspond- 
ing to  Cu2Sb4S7y  was  similarly  obtained.  By  fusing  together  their 
component  elements,  in  proper  proportion,  F.  Ducatte  ^  obtained 
emplectite,  aikenite,  and  wittichenite. 

*  Copper  partly  replaced  by  silver  and  iron. 

*  Copper  partly  replaced  by  iron. 

>  On  the  composition  of  tetrahedrite  (fahlerz)  aee  A.  Kretschmer,  Zeitschr.  Kryst.  Min.,  vol.  48, 1910,  p. 

<  Pogg.  Annalen,  vol.  127,  1866,  p.  316. 

» Jour,  prakt.  Chemie,  2d  ser.,  vol,  40, 1889,  p.  564. 

>  Zeitschr.  Kryst.  Min.,  vol.  11, 1886,  p.  38. 

'  Zeitschr.  anorg.  Chemie,  vol.  18, 1898,  p.  420. 

*  Thesis,  Univ.  Paris,  1902. 
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Of  these  sulphosalts,  only  enargite,  tetrahedrite,  tennantite,  and 
bournonite  are  at  all  common.  The  other  species  are  rarities.  Enar- 
gite  is  an  important  ore  at  Butte,  Montana,  ^  and  in  the  'Hntic  mines, 
Utah,  it  is  the  parent  of  a  number  of  rare  copper  arsenates.  Of 
the  latter  class,  produced  by  the  oxidation  of  enargite,  W.  F.  Hille- 
brand  '  has  identified  olivenite,  erinite,  tyrolite,  chalcophyllite,  clino- 
clasite,  mixitc,  conichalcite,  and  chenevixite.  Several  other  natural 
arsenates  of  copper  are  known,  and  a  number  of  phosphates;  but 
they  need  no  further  consideration  here. 

Tlie  two  oxides  of  copper,  cuprite,  Cu^O,  and  tenorite,  CuO,  are 
well-known  ores  of  secondary  origin.  Cuprite,  which  is  by  far  the 
more  common,  has  been  repeatedly  observed  as  a  furnace  product,' 
and  also  as  an  incrustation  upon  ancient  objects  of  copper  or  bronze.^ 
Both  compounds  are  easily  prepared  synthetically.  Crednerite  is 
another  oxidized  compound,  having  the  formula  Cu3Mn409.  On 
eartliy  oxide  of  manganese  containing  copper  is  known  as  lampadite. 

Cuprous  chloride,  nantokite,  CuCl,  and  the  iodide,  marshite,  Cul, 
are  rare  minerals  of  slight  importance.  The  oxychloride,  atacamite, 
Cu2Cl(OH)8,  is  more  conmion,  and  in  Chile  it  has  some  significance 
as  an  ore.*  Several  syntheses  of  it  have  been  reported.  F.  Field  • 
obtained  atacamite  by  the  action  of  calcium  hypochlorite  upon  a  solu- 
tion of  copper  sulphate.  C.  Friedel '  obtained  it  by  heating  a  solution 
of  ferric  chloride  with  cuprous  oxide  to  250°.  Neither  of  these  syn- 
theses, however,  corresponds  to  any  probable  process  in  nature.  The 
observed  development  of  atacamite  upon  ancient  copper  and  bronze 
gives  a  better  notion  of  its  genesis.  G.  Tschermak  ■  reports  an  alter- 
ation of  atacamite  to  malachite,  and  has  shown  that  the  change  can 
be  artificially  reproduced  when  the  oxychloride  is  slowly  digested 
with  sodiimi  bicarbonate.  Pseudomorphs  of  chrysocolla  after  ata- 
camite have  been  described  by  C.  Barwald.* 

The  sulphates  of  copper,  normal,  basic,  and  double,  are  represented 
by  a  number  of  mineral  species,  but  only  two  of  them  are  important, 
lliese  are  the  normal  salts  chalcanthite,  CuSO^SHgO;  and  the  basic 
brochantite,  0u4SO4(OH),.  Chalcanthite  is  deposited  in  crystalline 
form  by  the  evaporation  of  cupriferous  mine  waters,  and  in  some 
localities  it  is  actually  a  workable  ore.     For  example,  at  Copaquire, 

1  On  secondary  enrichment  at  Butte  see  A.  N.  Rogers,  Econ.  Ooology,  vol.  8, 1913,  p.  781.  On  the  pan- 
genesis of  the  Butte  ores  see  J.  C.  Ray,  idem,  vol.  9, 1914,  p.  463.  For  experiments  relative  to  copper  enridi- 
ment  see  O.  S.  Xishihara,  idem,  p.  743. 

«  Bull.  U.  S.  Gcol.  Survey  No.  20,  1885,  and  No.  55,  1889. 

•  Sec,  for  example,  A.  Arsruni,  Zeitschr.  Kryst.  Min.,  vol.  18, 1891,  p.  58. 

•  In  addition  to  cases  already  cited,  see  A.  Laoroix,  Bull.  Soc.  min.,  vol.  6,  p.  ITS. 

•  For  a  description  of  an  atacamite  ore  body,  see  J.  A.  W.  Murdoch,  Trans.  Inst.  Min.  Met.,  vol.  0, 1901, 
p.  300. 

•  Phllos.  Mag.,  4th  ser.,  vol.  24,  1862,  p.  123. 
» Corapt.  Rend.,  vol.  77, 1873,  p.  211. 

>  Jahrb.  K.-k.  geot.  Reich.sanstalt,  vol.  23,  Min.  Mitt.,  p.  41. 

•  Zeitschr.  Eryst.  Min.,  vol.  7,  1883,  p.  169. 
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Chile,  according  to  H.  Qehmichen/  chalcanthite  is  found  in  signifi- 
cant quantities  as  an  impregnation  in  partially  decomposed  granitic 
rocks,  associated  with  some  malachite,  aznrite,  and  chrysocoUa. 
Pyrite  and  chalcopyrite  are  also  present,  the  oxidation  of  the  latter 
mineral  having  furnished  the  sidphate.  Brochantite,  a  rarer  species, 
appears  to  be  more  common  than  b  generally  supposed.  W.  Lind- 
gren  '  has  called  attention  to  its  presence  in  the  Clif  ton-Morenci  mines 
of  Arizona,  where  it  occurs  in  fibrous  forms  which  might  easily  be 
mistaken  for  malachite.  F.  Field  '  prepared  brochantite  artificially 
by  boiling  a  solution  of  copper  sidphate  with  a  very  small  quantity 
of  caustic  potash.  S.  Meimier  ^  obtained  it  when  copper  sulphate 
solution  was  allowed  to  act  during  eleven  months  upon  fragments  of 
galena.  Apparently,  brochantite  is  easily  formed  by  natural 
reactions. 

Two  basic  carbonates  of  copper  are  common  secondary  ores.  They 
are  malachite,  Cu2(OH),C03,  and  azurite,  Cu8(OH),(COs)3.  Both 
species  are  formed  in  the  upper  portions  of  ore  deposits,  by  <^he 
action  of  carbonated  waters  upon  copper  compoimds,  or  by  reactions 
between  cupreous  solutions  and  limestones.  They  also  are  foimd  in 
the  patina  of  ancient  bronzes.  A.  de  Schulten^  prei^kred  malachite 
by  heating  precipitated  copper  carbonate  with  a  solution  of  am- 
moniimi  carbonate  on  a  water  bath  during  eight  days.  Later,'  upon 
heating  a  solution  of  copper  carbonate  in  carbonated  water,  he 
obtained  a  precipitate  of  malachite.  L.  Michel  ^  reproduced  azurite, 
together  with  the  basic  nitrate,  gerhardtite,  by  lefaving  a  solution  of 
copper  nitrate  in  contact  with  fragments  of  Iceland  spar  for  several 
years. 

Several  silicates  of  copper  are  known.  One  of  them,  chrysocolla, 
CuSiO,.2H20,  is  common;  the  others,  dioptase,  CuH^SiO^,  bisbeeite, 
isomeric  with  dioptase,  shattuckite,  CuHsSi^O,,  and  planch6ite, 
HjCu^jSijOig,  are  rare.^ 

A.  C.  BecquereP  obtained  dioptase  artificially  by  allowing  a  solu- 
tion of  potassium  silicate  to  diffuse  very  slowly  into  one  of  copper 
nitrate.  Chrysocolla  is  probably  formed  by  the  action  of  percolat- 
ing waters,  carrying  silica,  upon  other  soluble  compoimds  of  copper. 
Possibly,  also,  it  may  be  produced  during  processes  of  secondary 
enrichment.     E.  C.  Sullivan  ^®  has  shown  that  powdered  shale,  feld- 

I  Zeitsobr.  prakt.  Ocologie,  1902,  p.  147. 

«  Prof.  Paper  U.S.  Oeol.  Survey  No.  43, 1905,  p.  119. 

*  Phllos.  Hag.,  4th  scr.,  vol.  24,  1862,  p.  123. 
« Compt.  Rend.,  vol.  86,  1878,  p.  686. 

^  Idem,  vol.  110, 1890,  p.  202. 

6  Idem,  vd.  122,  1896,  p.  1352. 

7  Bun.  Soc.  min.,  vol.  13, 1890,  p.  139. 

t  On  pbnch^te,  see  A.  LacroU,  Min^ralogie  de  la  Franoe,  vol.  4,  p.  757, 1910.    On  shattncldte  and  bto* 
l>e6tte, see  W.  T.  Schaller,  Jour.  Washington  Acad.  Scf .,  vol.  5,  p.  7, 1915. 

•  CompC.  Rend.,  vol.  67, 1888,  p.  1081.  '  ; '^^"^ 

>•  Econ.  Treology,  vol.  1, 1905,  p.  67.    Complete  report  in  Boll.  U;dMHBiKll»>  312, 1907. 
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spar,  biotite,  etc.,  will  withdraw  copper  from  sulphate  soluticmsy  the 
reaction  being  one  of  double  decomposition.  The  ordinary  silicates 
lose  alkalies  or  alkaline  earths,  which  pass  into  solution  and  are 
replaced  by  copper.  The  cupriferous  product  may  be  partly  silicate 
and  ))artly  hydrous  oxides,  but  its  investigation  is  as  yet  incomplete. 

MERCURY. 

I'nlike  gold,  silver,  and  copper,  mercury  appears  to  be  not  widely 
diffused  in  nature,  although  it  must  be  admitted  that  minute  traces 
of  the  element  are  easily  overlooked.  Very  small  quantities  of  the 
precious  metals  can  be  determined  by  fire  assay,  but  the  volatility  of 
mercury  prevents  its  detection  by  such  simple  means. 

Apart  from  the  natural  amalgams  of  silver  and  gold,  which  have 
already  been  mentioned,  mercury  occurs  in  the  following  minerals: 

Native  mercury Hg. 

Cinnabar ' HgS. 

Metaciniiabarite  * .HgS. 

Tiemannite HgSe. 

Colonuloite HgTe. 

Onofrito Hg(S,Se). 

Lehrbachite IlgSe-fPbSe. 

Livingstonite HgSb4S7. 

MontToydite HgO. 

Calomel. HgjCla. 

Terliiiguaite HgjCiO. 

Egleetonite Hg^CljO. 

To  these  must  be  added  kleinite,  a  curious  sulphato-chloride  of 
one  of  the  mercuranmionilun  bases  and  also  the  allied  mosesite. 
Ammiolite  and  barcenite  are  antimonates  or  antimonites  of  mercury, 
of  uncertain  composition.  The  native  iodide  of  mercury  is  said  to 
exist;  but  its  identity  is  more  than  doubtful.  Mercury  is  also  found 
in  some  tetrahedrite,  in  proportions  ranging  as  high  as  17  per  cent. 
Very  few  of  these  minerals  have  any  economic  significance.  Cin- 
nabar is  almost  the  sole  ore  of  mercmy,  although  the  native  metal  is 
sometimes  found  in  notable  quantities.  In  some  of  the  California 
mines  metacinnabarite,  the  black  sulphide,  was  once  abundant,  and 
tiemannite,  the  selenide  of  mercmy,  was  commercially  worked  at  one 
time  in  the  Lucky  Boy  claim  in  Utah.^  Livingstonite  is  a  workable 
ore  at  Huitzuco  in  Mexico,  and  barcenite  is  a  substance  produced  by 
its  oxidation.^  Montroydite,  terlinguaite,  eglestonite,  mosesite,  and 
kleinite  are  secondary  minerals,  which  occur  in  small  quantities  as 

1  Guadalcazarite  is  metacinnabarite  containing  a  little  zinc. 

t  See  O.  P.  Becker,  Mon.  U.  8.  Geo!.  Survey,  vol.  13,  1888,  p.  385. 

s  E.  Halse  (Trans.  North  of  England  Inst.  Min.  and  Mech.  Eng.,  vol.  45,  1895-W,  p.  72)  has  dMCffbod 
this  locality.  He  ascribes  the  formation  of  the  ores  to  solfataric  action.  J.  ICadear  (Tnuu.  lost.  Mln* 
and  Met.,  vol.  4. 1895,  p.  60),  H.  F.  Collins  (idem,  p.  120),  and  J.  D.  Villarello  (Mem.  Soc.  dent.  Ant.  Alntt^ 
vol.  19, 1902,  p.  94;  vol.  20,  1903,  p.  889;  and  vol.  23,  1906,  p.  395)  have  also  described  the  Mexfcmn  quick' 
silver  deposits.    Mactear  regards  them  all  as  of  aqueous  and  probably  of  thermal  origlii. 
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derivatives  of  cinnabar,  in  the  mines  of  Brewster  County,  Texas.* 
Calomel  has  been  found  at  several  localities,  but  always  as  a  second- 
ary species. 

Mercuric  sulphide,  as  shown  in  the  list  of  mineral  species,  occurs 
in  two  forms — the  red,  rhombohedral  cinnabar  and  the  black,  iso- 
metric metacinnabarite.  To  the  one  species  the  artificial  product 
vermilion  correspond^,  while  the  ordinary  precipitated  sulphide, 
familiar  to  all  analysts,  is  amorphous  and  black.  VermiliQn  is  pre- 
pared by  many  processes,  which  differ  in  detail  but  can  be  referred 
to  two  simple  types.'  Mercury  and  sulphur,  under  the  influence  of 
heat,  unite  directly,  and  upon  subliming  the  product  the  scarlet  pig- 
ment is  obtained.  The  other  general  process  is  based  upon  the  fact 
that  the  black  sulphide,  when  acted  upon  by  solutions  of  alkaline  sul- 
phides, can  be  converted  into  the  red  form.  To  these  fundamental 
processes,  the  wet  and  the  dry,  the  various  syntheses  of  crystalline 
cinnabar  correspond,  with  the  wet  methods  predominating. 

According  to  Fouqu6  and  L6vy,'  J.  Durocher  obtained  cinnabar  by 
the  action  of  hydrogen  sulphide  upon  mercuric  chloride  at  a  red  heat. 
They  also  state  that  Deville  and  Debray  prepared  the  mineral  by 
heating  the  black  precipitated  sulphide  with  hydrochloric  acid  in  a 
sealed  tube  at  100''. 

C.  Doelter's  experiments  *  were  also  conducted  in  sealed  tubes. 
Crystals  of  cinnabar  were  formed  when  metallic  mercury  was  heated 
with  hydrogen  sulphide  at  70®  to  90®  during  six  days.  By  heating 
mercury  with  a  solution  of  hydrogen  sulphide  on  a  water  bath  he 
also  produced  both  cinnabar  and  the  black  modification. 

Several  syntheses  of  cinnabar  are  based  upon  the  solubility  of  mer- 
curic sulphide  in  alkaline-sulphide  solutions.  M.  C.  Mehu "  found 
that  the  mercuric  compound  was  insoluble  in  either  sodium  hydroxide 
or  sodium  sulphide,  but  soluble  in  a  mixture  of  the  two.  On  dilu- 
tion, the  mixture  deposited  the  black  sulphide;  but  upon  the  passage 
of  carbon  dioxide  through  the  solution  the  red  modification,  cinnabar, 
was  formed.     According  to  S.  B.  Christy,'  amorphous  mercuric  sul- 

1  See  A.  J.  Moses,  Am.  Jour.  Sci.,  4th  ser.,  vol.  16,  1908,  p.  253.  Kleinite  was  erroneously  described  by 
A.  Sachs,  Sttxungsi).  E.  Akad.  Wiss.  BerUn,  1906,  p.  1091.  Its  true  composition  was  first  indicated  l^ 
BUMraid,  Am.  Jour.  Sci.,  4th  aer.,  vol.  21, 1906,  p.  85,  and  later  oonfirmed  by  Sachs,  Centialbl.  Min., 
Oeol.  a.  P&l.,  1906,  p.  aOO.  For  data  coDcerning  the  Terlingua  and  other  deposits  of  Brewster  County, 
see  B.  F.  Hin,  Am.  Jour.  Sel.,  4th  ser.,  vol.  16, 19QB,  p.  281;  E.  P.  Spalding,  Eng.  and  lOn.  Joar.,  voL 
71,  1901,  p.  740;  B.  T.  HOI,  idam,  toI.  74, 1902,  p.  305;  W.  B.  PhilUps,  idem,  vol.  77, 1904,  p.  100;  vol.  18, 
1904,  p.  212;  M.  P.  Kitk  and  7.  W.  Ifalcohnson,  idem,  vol.  77, 1904,  p.  684;  and  W.  P.  Blake,  Trans.  Am. 
Jsut,  Ifin.  Eng.,  vol.  25, 1896,  p.  68.  For  a  full  discussion  with  analyses,  of  the  composition  of  the  Ter« 
lingua  miiierals,  see  W.  F.HUlebrand  and  W.  T.  Bchaller,  Jour.  Am.  Chem.  Soc.,  vol.  29, 1907,  p.  1180^ 
and  also,  in  detail,  in  Bull.  U.  S.  Geol.  Survey  No.  406,  1910.  On  mosesite,  see  Hillebrand  and  Schaller, 
Am.  Jour.  Sd.,  4€h  ser.,  vol.  80, 1910,  p.  202. 

•A  good  inmniary  of  the  individual  methods  for  the  preparation  of  venniUoo  ia  given  m  Thorpe's  Dio- 
ttooary  of  applied  chemistry,  vol.  3,  article  "Mercury." 

'ByntliiiiB dea min^raox et  des roches,  p. 818.  Theae daita wmimmK^ta^um hmm falliMd  provioorty 
but  to  appear  for  the  first  time  in  the  vohuno  dted. 

« Zeitschr.  Kryst.  Min.,  vol.  11, 1886,  p.  33.  *  •   %  >^i  t*^  Al 

»  Jahnab.  OMmie,  1876,  p.  282.  > :  .a 

•Am.Jtoiir.8d.,8ds«r.,vo].  17, 1879,p.  463.  ii  ' 
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phide^  heated  in  a  sealed  tube  with  alkaline  solutioiis  into  which 
hydrogen  sulphide  had  been  passed,  is  convertedi  at  temperatures 
between  200^  and  250^,  into  cinnabar.  This  reaction  is  retarded  by 
the  presence  of  carbon  dioxide.  The  black  sulphide,  by  five  hours  oi 
heating  to  180^  with  a  solution  of  potassium  sulphydrate,  was  also 
transformed  into  cinnabar.  A  similar  transformation  of  vermilion 
into  cinnabar  is  also  reported  by  A.  DitteJ  When  an  excess  of  ver- 
milion is  slowly  acted  upon  by  a  solution  of  potassium  sulphide  it 
gradually  changes  into  the  crystallized  mineral.  The  reactions,  as 
interpreted  by  Ditte,  are  rather  complex,  and  involve  the  formation 
and  decomposition  of  two  double  sulphides,  E,HgS|  and  E[sHg|S^ 
The  results  are  also  modified  by  variations  in  temperature  and  in  the 
concentration  of  the  solutions  employed.  J.  A.  Ippen's'  observa- 
tions resemble  those  of  Christy.  The  black  precipitated  sulphide  of 
mercury,  heated  in  a  sealed  tube  with  a  solution  of  sodium  sulphide 
for  two  months  below  45^,  became  crystaUized  as  cinnabar.  The 
same  black  sulphide,  similarly  treated  with  hydrochloric  acid,  failed 
to  yield  the  red  form. 

L.  L.  de  Koninck '  found  that  mercuric  sulpliide  is  very  soluble  in 
concentrated  solutions  of  the  alkahne  sulphides,  and  also  in  the 
sulpliides  of  calcium,  strontium,  and  barium,  but  not  in  solutions  of 
sulphydrates.  Upon  slow  dilution  of  the  mercuric  solutions  thus 
obtained,  red  crystalhne  cinnabar  was  precipitated.  Upon  rapid 
dilution,  the  black  amorphous  sulphide  was  thrown  down. 

In  a  research  «pon  the  enrichment  of  mercury  deposits  T.  M. 
Broderick  *  found  timt  cinnabar  dissolved  in  chloride  waters  but  not 
in  sulphate  waterp.  From  the  chloride  solutions  thus  formed  calcite 
precipitates  an  o^cychloride  of  mercury,  but  if  ferrous  sulphate  is 
present,  calomel  is  formed  by  reduction.  Stibnite,  a  common  asso- 
ciate of  mercurial  ores,  precipitates  metaUic  mercury. 

E.  Weinschenk  ^  prepared  cinnabar  by  a  process  remotely  akin  to 
those  employed  by  Durocher  and  Doelter.  A  solution  of  mercuric 
chloride  and  ammonium  sulphocyanate  was  heated  in  a  sealed  tube 
from  four  to  six  days  at  a  temperature  between  230^  and  250^.  Both 
cinnabar  and  a  black  sulphide  were  obtained.  In  this  case  the 
ammonixmi  sulphocyanate  merely  served  as  a  generator  of  hydrogen 
sulphide,  which  was  the  active  reagent. 

E.  T.  Allen  and  J.  L.  Crenshaw  *  in  a  thorough  study  of  mercuric 
sulphide  determined  the  conditions  of  formation  of  the  two  natural 
forms,  and  also  discovered  a  third,  probably  hexagonal  modifica- 
tion, which  has  not  been  found  in  nature.  The  stable  form,  cinnabar, 
was  produced  in  the  usual  way,  by  the  action  of  an  alkaline  sulphide 
upon  the  amorphous,  precipitated  compound.     Metacinnabarite  was 

*  Compt.  Rend.,  vol.  08, 1884,  pp.  1271, 1380.  *  Eoon.  Geology,  vol.  11, 1916,  p.  64ft. 

>  Min.  pet.  Mitt.,  vol.  14, 18»4,  p.  114.  •  Zeitschr.  Kryst.  Min.,  vol.  17,  UW,  p.  498. 

*  Annalee  Soo.  gtel.  Belgique,  vol.  18, 1881.  p.  xzv.        •  Am.  Jour.  Sci.,  4th  ser.,  vol  84,  IM,  p.  117. 


METALLIC  ORES.  673 

formed  by  the  action  of  an  excess  of  sodium  thioetdphate  upon  sodium 
mercuric  chloride  in  dilute  solution.  This  solution  was  rendered 
slightly  acid.  Under  alkaline  conditions  only  cinnabar  is  formed ; 
acidity  is  essential  to  the  production  of  the  less  stable  meta-compound. 
This  condition  also  holds  with  regard  to  pyrite  and  marcasite,  and  also 
with  the  two  modifications  of  zinc  sulphide.  In  each  case  acidity 
contrds  the  generation  of  the  less  stable  mineral,  alkalinity  that  of 
the  more  stable.  These  facts  are  correlated  with  the  natural  occur- 
rences of  the  minerals.  Cinnabar,  the  primary  form,  is  probably 
deposited  by  ascending  solutions,  which  are  commonly  alkaline. 
D^cending  solutions,  acid  from  the  oxidation  of  iron  sulphides,  con- 
trol the  formation  of  the  secondary  metacinnabarite. 

Finally,  a  crystalline  mass  resembling  livingstonite  was  prepared 
by  A.  L.  Baker,*  who  fused  the  sulphides  of  mercury  and  antimony 
together  in  an  atmosphere  of  carbon  dioxide. 

It  will  be  noticed  that  several  of  the  syntheses  of  cinnabar  involve 
the  solubility  of  mercuric  sulphide  in  solutions  of  alkaline  sulphides 
or  sulphydrates.^  On  this  subject,  apart  from  synthetic  considera- 
tions, there  is  a  copious  literature,  and  the  earlier  observations  are 
by  no  means  concordant.  Even  the  recent  data  appear  to  be  often 
contradictory.  De  Koninck,  for  instance,  as  already  cited,  found 
that  the  sulphide  was  insoluble  in  alkaline  sulphydrates ;  but  accord- 
ing to  6.  F.  Becker  *  this  statement  is  true  only  for  cold  solutions. 
Mercuric  sulphide,  heated  with  a  solution  of  sodiiun  sulphydrate  on 
the  water  bath,  dissolves,  doubtless  forming  a  double  salt  of  the 
formula  HgS.nNajS.  Salts  of  this  type  must  be  produced  whenever 
merciuric  sulphide  is  dissolved  in  an  alkaline  solution,  and  Ditte's 
researches  have  told  us  something  of  their  natiu^.^  The  solubility 
of  the  mercmic  sulphide  manifestly  depends  upon  considerations  of 
temperature,  pressure,  concentration,  and  the  nature  of  the  solutions 
employed,  whether  neutral  salts,  sulphydrates,  or  polysulphides. 
That  mercuric  sulphide  is  precipitated  again  by  dilution  has  been 
shown  by  various  observers,  and  Becker®  reports  admixtures  of 
metallic  merctuy  in  the  sulphide  thus  thrown  down.  Here,  then, 
we  have  a  possible  explanation  of  the  frequent  association  of  free 
mercury  and  the  black  metacinnabarite,  although  relief  of  pressure 
may  be  in  some  cases  the  equivalent  of  dilution  as  a  precipitant. 
Organic  matter,  also,  is  a  probable  agent  of  reduction,  by  which  the 

>  Chmn.  News,  vol.  42, 1880,  p.  196. 

I  Aooordlng  to  O.  A.  Binder  (Min.  pet.  Mitt.,  vol.  12, 1892,  p.  332),  even  distilled  water,  acting  on  cinnabar 
lor  flye  weeks  at  90*,  will  dissolve  traces  of  the  mineral. 

'Am.  Jour.  Sol.,  3d  ser.,  vol.  33,  1887,  p.  199.  In  detail,  with  full  summaries  of  earlier  work,  in  Mod. 
U.  8.  QeoL  Surveyf  vol.  13, 1888,  chapter  15.  Also,  preliminary,  in  Eighth  Ann.  Kept.  U.  S.  Geol.  Survey, 
pi.  3, 1880,  p.  965. 

*  A  oompoand  2N818.5HgS.3H2O  has  been  isolated  and  described  by  J.  Knox,  Trans.  Faraday  See., 
vol.  4,  p.  n,  1906. 

•Am.  Jour.  ScL,  8d  ser.,  vol.  33, 1887,  p.  199. 

118750*— 19— Bull.  695 43 
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metal  is  liberated.  Bituminous  substances,  such  as  idrialitei  napa- 
lite,  etc.,  are  commonly  associated  with  cinnabar;  and  at  the  Phoenix 
mine  in  California  an  inflammable  gas  issuing  from  cracks  in  the  rocks 
was  found  by  W.  H.  Melville  *  to  have  the  foUowing  oomposition: 

Compo9itton  of  gas  at  Phoenix  mint. 

('O2 0.74 

en, 61.49 

N, 31.44 

O, 6.  33 

100.00 

Tile  hydrocarbon  CH4,  it  must  be  observed,  is  the  first  member  of 
the  parafRn  series,  to  which  some  bitumens  belong.  Becker'  has 
shown  that  hydrocarbons  will  precipitate  mercuric  sulphide  from  its 
alkaline  solutions,  first,  probably,  as  metacinnabarite,  which  is  after- 
ward slowly  transformed  into  cinnabar.  Another  suggestion,  due  to 
A.  Schrauf,*  who  has  studied  the  occurrence  of  mercury  ores  in  Idria, 
is  that  the  metal  may  be  liberated  by  the  direct  dissociation  of  cin- 
nabar vapor.  He  also  ascribes  the  formation  of  some  metacinnaba^ 
rite  to  the  action  of  hydrogen  sulphide  upon  native  mercury.  Here 
again  we  are  reminded  that  the  same  point  may  be  reached  by  more 
than  one  road. 

According  to  Becker,*  the  chief  deposits  of  mercurial  ores  are  all 
in  the  neighborhood  of  igneous  rocks,  from  which  it  is  highly  prob- 
able they  were  originally  derived.  The  deepnseated  granites,  in  his 
opinion,  form  the  principal  source  of  the  mercury.  The  ore  bodies 
in  some  cases  fill  fissures,  fractures,  or  cavities  in  rocks,  the  latter 
being  commonly  of  sedimentary  character;  and  in  other  instances 
the  cinnabar  forms  impregnations  in  sandstone  or  limestone.  The 
ores  are  commonly  associated  with  pyrite  or  marcasite,  sulphur, 
calcite,  barite,  gypsum,  opal,  quartz, -and  other  secondary  minerals, 
and  sliow  distinct  evidence  that  they  have  been  brought  up  from 
below  in  solution.*     In  many  cases,  if  not  in  aU,  the  evidence  of 

1  Mon.  U.  S.  G«ol.  Survey,  vol.  13, 1888,  p.  373.  • 

>  Mineral  Reflonroes  U.  S.  for  1892,  U.  8.  Oeol.  Survey,  1893,  p.  139. 

*  Jahrb.  K.-k.  geol.  R«ichsaii8talt,  vol.  41,  1802,  pp.  383,  396.  Hchiaul  tpves  miuiy  citations  of  UteE»- 
ture  relative  to  mercury,  and  especially  to  the  mines  of  Idria. 

*  Mon.  U.  S.  Geo!.  Survey,  vol.  13,  1888,  and  also,  briefly,  in  Mineral  Resources  U.  8.  tor  18B2,  p.  139. 
In  the  monograph,  Becker  has  summed  up  the  canditions  at  all  important  localities  as  known  in  1887. 

&In  addition  to  Becker's  monograph,  see  J.  A.  Phillips,  Quart.  Jour.  Geol.  Soc.,  vol.  35,  1879,  p.  390: 
and  J.  Le  Conte  and  W.  B.  Rising,  Am.  Joor.  8ci.,  3d  ser.,  vol.  24, 1882,  p.  23,  on  Sulpliur  Bank,  CaUlbniia. 
Le  Conte  (idem,  vol.  25, 1883,  p.  424)  has  discussed  the  deposits  at  Steamboat  Springs,  Nevada.  Seealso^ 
on  Califomian  quicksilver  ores,  W.  Forstner,  Eng.  and  Min.  Jour.,  vol.  78,  1904,  pp.  385^  i28;  and  in  Boll. 
No.  27,  California  State  Mining  Bureau.  Wendebom  (Berg-  u.  hattenm.  Zeltung,  voL  63, 1901,  p.  274)  has 
described  mercury  deposits  in  Oregon;  and  G.  F.  Monckton  (Trans.  Inst.  Min.  Eng.  (Briti^),  voL  87, 
1904,  p.  463)  those  of  British  Columbia.  For  a  study  of  the  mercury  mines  at  Moimt  Avala^  Berfaia,  see 
H.  Fischer,  Zeltschr.  prakt.  Geologfe,  vol.  14,  1906,  p.  245.  For  an  account  of  the  ndnes  «t  Aim^Jwrn^ 
Spain,  see  U.  Kuss,  Annales  des  mines,  7th  ser.,  vol.  13, 1878,  p.  39.  On  Huancavelica,  Pern,  ne  A.  F. 
UmlaufT,  Bol.  Cuerpo  ingen.  minas  Fern,  No.  7, 1904.  F.  Kateer  (Berg-  u.  btLttenm.  Jalirbiioli,  voL  55, 
1907,  p.  145)  has  described  the  mercury  deposits  of  Bosnia.  A  list  of  the  principal  meroury  d^Kisits  cf 
the  world,  by  L.  Demaret,  is  given  in  Annales  des  mines  de  Belgique,  \cA.  0, 1904,  p.  8S.  Meroory  deposits 
in  the  Phoenix  Mountains,  Arizona,  are  described  by  F.  C.  Schrader  in  Bull.  U.  S.  Geol.  Borvty  No.  690-P, 
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hydrous  or  solfataric  origin  is  very  clear.  A.  Liversidge,^  for  ex- 
ample, reports  mercury  and  mercuric  sulphide  in  hot-spring  deposits 
near  Ohaiawai,  New  Zealand;  and  in  3,403  grams  of  a  sinter  from 
Steamboat  Springs,  Nevada,  Becker  and  Melville^  found  0.0070 
gram  of  HgS.  In  Becker's  opinion  alkaline  solutions  containing 
sulphides  are  the  natural  solvents  of  the  mercurial  compounds; 
although  V.  Spirek  *  describing  the  deposits  at  Monte  Amiata,  Tus- 
cany, suggests  that  the  mercury  was  first  dissolved  as  sulphate  and 
precipitated  later  by  alkaline  polysulphides.  For  this  supposition 
there  seems  to  be  little  or  no  positive  evidence.  At  Idria,  A.  Schrauf  * 
found  no  indications  of  the  existence  of  alkaline  thermal  springs — 
a  bit  of  negative  testimony  which  may  or  may  not  be  important.  It 
is  not  necessary,  however,  to  assume  that  the  mercurial  solutions  have 
been  the  same  at  all  localities.  In  fact,  they  must  have  varied  both 
in  their  chemical  composition  and  in  the  physical  conditions  imder 
which  they  came  to  the  surface.  Even  the  differences  in  the  rocks 
through  which  the  solutions  travel  would  modify  their  properties. 

ZINC  AND   CADMIUM. 

Zinc,  as  has  been  shown  in  the  earlier  portions  of  this  chapter, 
is  widely  diffused  in  the  rocks,  and  it  also  occurs  in  minute  propor- 
tions in  sea  water.  Cadmium  is  found  associated  with  zinc,  and 
the  very  rare  metals  gallium  and  indium  are  also  obtained  from  zinc 
ores.^    2iinc  is  about  200  times  as  abundant  as  cadmimn.^ 

Although  native  zinc  has  been  several  tunes  reported,  its  existence 
is  doubtful.  None  of  the  occurrences  is  completely  authenticated. 
The  fimdamental  ore  of  zinc  is  the  sulphide,  ZnS,  known  as  sphal- 
erite, blende,  or  blackjack  when  crystallized  in  the  isometric  system, 
or  as  wurtzite  when  it  is  hexagonal.  Cadmium  is  found  almost 
exclusively  as  the  sulphide,  CdS,  or  greenockite,  which  is  also  hex- 
agonal.^ Many  massive  blendes  are  really  mixtures  of  sphalerite 
and  wurtzite.®  The  rare  mineral  voltzite  is  an  oxysulphide  of  zinc, 
4ZnS.ZnO. 

1  Joar.  Roy.  Soc.  New  South  Wales,  vol.  11,  p.  262.  See  also  J.  Park,  Trans.  New  Zealand  Inst.,  vol.  38^ 
1904,  p.  27.  Park  cites  another  memoir  by  A.  P.  Griffiths,  in  Trans.  New  Zealand  Inst.  MIn.  Eng.,  vol.  2, 
p.  48.  A  later  report  by  J.  M.  Bell  and  E.  de  0.  Clarke  is  in  Bull.  New  Zealand  Oeol.  Survey  No.  8, 1909, 
p.  87. 

*  Hon.  U.  S.  Oeol.  Survey,  vol.  13, 1888,  p.  344. 

'Zeitschr.  prakt.  Geologie,  1897,  p.  360;  idem,  1902,  p.  297.  Spirek  gives  references  to  other  literature 
oonoeming  Monte  Amiata.  Soe  also  R.  Rosenlecher,  Zeitschr.  prakt.  Qeologie,  1894,  p.  337,  on  this  and 
other  Tuaoan  deposits.    On  the  mines  of  Vallalta-Sagron,  see  A.  Rtehak,  idem,  1906,  p.  325. 

« Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  41, 1892,  p.  379. 

*  On  theoocurrenoe  of  gallium,  indium,  germanium,  and  other  rare  metals  in  sine  blende,  see  O.  Urbain, 
Compt.  Rend.,  vol.  149, 1909,  p.  602.  Also  A.  del  Campo  y  Cerdan,  Jour.  Chem.  Soc.,  vol.  106,  pt.  2,  p.  270, 
abstract.  On  gallium  from  Missouri  blende,  see  W.  F.  Hillebrand  and  J.  A.  Scherrer,  Joor.  Ind.  Eng. 
Chem.,  vol.  8, 1916,  p.  225. 

*  See  F.  W.  Clarke  and  0.  Stelger,  Jour.  Washington  Acad.  Sci.,  vol.  4, 1914,  p.  57. 

'  A  basic  carbonate  of  cadmium,  otavite,  and  the  crystallised  oxide,  CdO,  are  known  as  rare  minerals. 
A  useful  summary  on  cadmium  and  its  occurrences,  by  E.  Joosch,  is  in  Ahren's  Sammlung  ohemische 
technologische  Vortrage,  vol.  3, 1899,  p.  201. 

*  See  J.  Noelting,  Zeitschr.  Kryst.  Mln.,  vol.  17, 1890,  p.  220. 
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Sphalerite,  wurtzite,  and  greenockite  have  all  been  prepared  syn- 
thetically, and  wurtzite  has  been  repeatedly  observed  as  a  furnace 
product.'  According  to  H.  de  Senarmont,'  sphalerite  is  formed  when 
zinc  solutions  are  heated  in  sealed  tubes  in  an  atmosphere  of  hydro- 
gen  sulphide — a  method  which  was  also  employed  by  H.  Baubigny.' 
J.  Durocher^  prepared  sphalerite  by  heating  zinc  chloride  in  a 
stream  of  hydrogen  sulphide.  Cadmium  chloride  treated  in  the 
same  way  gave  greenockite. 

By  fusing  precipitated  cadmium  sulphide  with  potassium  carbon- 
ate and  sulphur  E.  Schuler  *  obtained  crystals  of  greenockite.  This 
observation  has  since  been  verified  by  R.  Schneider.*  H.  Sainte- 
Claire  Deville  and  II.  Troost^  fused  zinc  sulphate,  calcium  fluoride, 
and  barium  sulphide  together,  and  produced  crystals  of  wurtzite. 
With  cadmium  sulphate  greenockite  was  formed.  They  also  obtained 
wurtzite  by  passing  hydrogen  over  red-hot  zinc  sulphide.  The  latter 
was  decomposed,  forming  zinc  vapor  and  hydrogen  sulphide,  which 
reacted  in  the  cooler  parts  of  the  apparatus  to  produce  the  crystal- 
line mineral.  Wurtzite  and  greenockite  were  prepared  by  T.  Sidot' 
when  zinc  or  cadmium  oxide  was  heated  in  the  vapor  of  sulphur.  In 
.another  paper'  he  states  that  amorphous  zinc  sulphide,  heated  in 
an  atmosphere  of  nitrogen  or  of  sulphur  dioxide,  crystallizes  into 
wurtzite.  P.  Hautefeuille  ^^  heated  zinc  and  cadmium  sulphide 
under  a  layer  of  powdery  alumina;  the  two  compoimds  volatilized 
and  were  redeposited  on  the  surface  6i  the  alumina  as  wurtzite  or 
greenockite.  He  also  found  that  blende,  heated  to  redness,  was 
transformed  into  wurtzite.  R.  Lorenz "  obtained  wurtzite  and 
greenockite  by  acting  on  the  vapor  of  zinc  or  cadmium  with  hydro- 
gen sulphide.     This  process  recalls  that  of  Deville  and  Trooet. 

Two  hydrochemical  processes  have  also  >nelded  greenockite.  C. 
Geitner  "  heated  metallic  cadmium  with  sulphurous  acid  to  200**  in 
a  sealed  tube.  A  mixture  of  amorphous  and  crystalline  sulphide  was 
deposited.  A.  Ditte"  found  that  amorphous  cadmium  sulphide 
could  be  dissolved  in  ammonium  siilphydrat^,  especially  at  a  tem- 
perature of  60°.  On  cooling,  ciystals  of  greenockite  and  free  sulphur 
were  formed. 


•  SCO  W.  Stahl,  Berg-  u.  hiittcnm.  Zeifuiig,  ISSS,  p.  207;  II.  Forslner,  Z«Mtschr.  Kryst.  Min.,  vol.  5,  Ik»<1. 
p.  Ml;  and  II.  TraulK),  Xoues  Jahrh.,  Uoil.  Ban-l  9, 1894,  p.  151. 

'  (.  ompt.  Rend.,  vol.  32, 1K,51,  p.  409.    The  description  of  the  process  is  very  vasue. 
'  See  L.  Bourgeois,  Reproductipn  artificielle  des  min^raux,  p.  28. 

*  Compt.  Rend.,  vol.  32,  1S51,  p.  825. 

'■  Lie>)ig's  .Vniialen,  vol.  ST.  1K53,  p.  .34. 

•  PoK'gendorf's  Annalen,  vol.  149, 1S73,  p.  391. 
^  Compt.  Rend.,  vol.  52.  ISfil,  p.  920. 

»  Idem,  vol.  <i2,  ISfMi,  p.  999. 

*  Idem,  vol.  {\:i,  IMHI,  p.  is^. 
'0  Idem,  vol.  9;^,  is^l,  p.  824. 

»»  Ber.  Dout,sch.  chem.  Geiell.,  vol.  24, 1891,  p.  1601, 
«  Lieblg's  Annalen,  vol.  129,  mm,  p.  .350. 
'•Compt.  Rend.,  vol.  So,  p.  402,  1877. 
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E.  T.  Allen  and  J.  L.  Crenshaw  ^  prepared  greenockite  in  large 
crystals  by  the  method  of  Lorenz.  Only  one  modification  of  the 
sulphide  was  obtained.  Wnrtzite  was  formed  by  sublimation  of 
zinc  sulphide  at  about  1,200^-1,300°,  and  also  by  the  action  of  hydro- 
gen sulphide,  derived  from  sodium  thiosulphate,  on  acid  solutions  of 
zinc  sulphate  at  250°.  By  heating  amorphous  zinc  sulphide  in  a 
solution  of  sodium  sulphide  at  350°  in  a  steel  bomb  they  obtained  good 
crystals  of  sphalerite.  Sphalerite  was  also  produced,  like  wurtzite, 
in  acid  solutions,  but  with  weaker  acid  and  at  higher  temperatures. 
In  alkaline  solutions  only  sphalerite  was  formed.  This  distinction 
between  the  two  minerals  is  like  that  already  mentioned  with  regard 
to  the  sulphides  of  mercury  and  of  iron.  Sphalerite  was  also  crys- 
tallized from  solution  in  molten  sodium  chloride  and  potassium 
polysulphide.     At  1,020°  sphalerite  is  transformed  into  wurtzite. 

For  geological  purposes  the  hydrochemical  syntheses  of  blende 
are  the  only  ones  of  much  importance;  and  they  are  paralleled  by 
certain  natural  and  recent  occurrences  of  the  mineral.  G.  Bischof,' 
for  example,  mentions  a  sinter,  formed  within  historical  times  in  an 
old  lead  mine,  which  contained  37.57  per  cent  of  ZnS.  It  was  prob- 
ably produced  by  the  action  of  decaying  wood  upon  the  zinc-bearing 
mine  waters.  In  North  St.  Louis,  Missouri,  H.  A.  Wheeler  *  found 
massive  blende  embedded  in  lignite,  where  it  had  evidently  been 
formed  by  the  reducing  action  of  organic  matter  upon  other  zinc 
compoimds.  C.  R.  Keyes  *  speaks  of  blende  crystals,  one-fourth 
inch  across,  which  had  grown  on  iron  nails  immersed  in  a  mine  water 
during  fifteen  years.  W.  P.  Jenney*  also  refers  to  the  deposition  of 
cr}rstallized  blende  on  the  walls  of  a  tunnel  which  had  been  closed 
and  flooded  for  ten  or  twelve  years.  Some  crystals  were  deposited 
on  the  pick  marks  left  by  the  miners. 

Zinc  sulphide  is  also  known  in  nature  as  a  chemical  precipitate. 
In  workings  at  Galena,  Kansas,  large  cavities  have  been  found,  filled 
with  a  white  mud  which  consisted  of  nearly  pure  zinc  sulphide 
mingled  with  acid  water.®  Evidently  the  zinc  had  been  dissolved, 
probably  by  the  oxidation  of  blende,  and  then  thrown  down  again, 
either  by  sulphureted  waters  or  by  organic  matter.  Natural  solu- 
tions of  zinc  sulphate  exist  in  the  region  around  Joplin,  and  have 
already  been  described  in  previous  portions  of  this  volume.'  An 
occurrence  of  sphalerite  as  a  primary  mineral  in  granite  has  been 

>  Am.  Jour.  Sci.,  4th  ser.,  vol.  34, 1912,  p.  341:  vol.  38, 1914,  p.  373. 
s  Lehrbuch  der  chemischen  und  physikalischen  Geologie,  2d  ed.,  vol.  1,  p.  660. 

s  Trans.  Acad.  Sci.  St.  Louis,  vol.  7,  1896,  p.  123.    Other  associations  of  sphalerite  with  coal,  also  in 
ICissouri,  are  mentioned  by  W.  P.  Jenney,  in  Trans.  Am.  Inst.  BCin.  Eng.,  vol.  33, 1903,  p.  460. 

*  Trans.  Am.  Inst.  Min.  Eng.,  vol.  31, 1901,  p.  611. 

*  Idem,  vol.  33, 1903,  p.  470. 

*  Described  by  J.  D.  Robertson,  Am.  Jour.  Sci.,  3d  ser.,  vol.  40, 1890,  p.  100;  and  by  M.  W.  lies  and  J.  D. 
Hawkins,  Eng.  and  Min.  Jour.,  vol.  49, 1890,  p.  499. 

'  See  ante,  p.  184. 
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reported  by  E.  Kimanu.^  Such  sphalerite,  if  reaUy  of  magmatic 
origin,  must  have  formed  below  the  transition  tanperature  to  wurtx- 
ite,  namely,  1,020°. 

The  oxidized  compounds  of  zinc,  as  natural  minerals,  are  fairly 
numerous.     The  following  species  are  especiall}^  noteworthy: 

Zincit4- ZaO. 

Gahnite  « ZnAl^O^. 

Pranklinite  » ZnPe^^O^. 

(  halcophaixite  « ZqO^MiiOs.2H,0. 

Smithfiouite ZuCO,. 

Ilydrozincite ZnC0,.2Zn0^a. 

Willemite  « ZnjSi04. 

Calamine ZitjIfaSiOa. 

CUnohedrite Zof^aHaSiOB. 

HardyBtonite ...ZnCajSiaO,. 

Hodgkinsoiute '. .  .Zn3Mxi(Si04XOH),. 

To  this  list  may  be  added  the  phosphates,  hopeite,*  parahopeite, 
and  kehoeite;  the  arsenates,  adamite,  kottigite,  and  veszelyite;  de- 
scloizite,  a  vanadate  of  lead  and  zinc;  and  the  sulphates,  goslarite 
and  zincaluminite.  Jeff ersonite  is  a  zinc-bearing  pyroxene,  and  dana- 
lite  is  a  silicate  plus  sulphide,  of  zinc,  manganese,  iron,  and  gluci- 
niun.  None  of  these  species  needs  further  menticm  except  goslarite, 
ZnS04.7H20,  which  is  the  compound  of  zinc  existing  in  mine  waters 
and  in  zinciferous  springs.  When  zinc  is  removed  from  an  ore  body 
by  solution,  it  is  carried  in  this  form. 

Some  experiments  upon  the  origin  of  oxidized  zinc  ores  have  been 
made  by  Y.  T.  Wang.*  He  found  that  the  oxidation  of  sphalerite 
was  caused  by  solutions  of  a  ferric  salt,  preferably  the  sulphate;  but 
soluble  salts  of  copper,  silver,  and  lead  also  had  a  powerful  solvent 
action  upon  the  mineral.  With  solutions  of  zinc  bicarbonates  pre- 
cipitate the  normal  salt,  ZnCOg.  With  neutral  carbonates  the  basic 
salt,  hydrozincite,  is  precipitated.  Silicate  solutions  convert  the 
zinc  sulphate  into  calamine;  and  limestone  in  a  zinc  solution  is  trans- 
formed into  smithsonite.  These  observations,  however,  are  not  par- 
ticularly novel. 

Zincite,  the  natural  oxide  of  zinc,  is  well  known  as  a  furnace  prod- 
uct, and  it  has  also  been  repeatedly  synthetized.*     According  to  A. 

1  Zeitschr.  prakt.  Oeologie,  1910,  p.  123.    On  the  relations  of  sphalerite  to  other  minerals,  see  L.  V.  Teas, 
Bull.  Am.  Inst.  Min.  Rng.,  1917,  pp.  1917-1931. 
s  The  formula'  here  given  are  ideal.    Tart  of  the  zinc  i.s  commooly  replaced  by  manganese  or  iron. 
s  Troostito  is  a  manganiferous  willemite. 

*  For  a  synthesis  of  hopeite,  see  C.  Friedel  and  K.  Sarasin,  Boll.  Soc.  mtai.,  vol.  2, 1879,  p.  lA. 

*  Tran^.  Am.  In5t.  Min.  Kng.,  voL  52, 1910,  p.  657.  On  the  oxidized  zinc  ores  of  L«adville see  O.  P.  Loa^- 
lin,  Bull.  I'.  8.  Geol.  Siu^ey  No.  681,  1918. 

*  See  H.  Traube,  Noues  Jahrb.,  lieil.  Band  9,  1894,  p.  151:  and  H.  Ri«t,  Am.  Jour.  Set,  3d  ser.,  toI.  48, 
1884,  p.  2o6,  on  zincite  as  a  funiacc  product.  Bee  also  J.  T.  Cundell  and  A.  Hntchinson,  Mlimlo((.  Mag., 
vol.  9, 1892,  p.  5.  L.  Bourfseois  ( Reproduetlon  artificielle  des  min^raux)  cites  other  axamples.  and  so, 
too,  does  Rios.  Bourgeois  also  mentions  syntheses  by  Becquerel  and  RegnauH,  bat  hisnfenncMan 
erroneous  and  I  can  not  verify  them. 
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Daubr^e,^  when  zinc  chloride  and  water  vapor  act  upon  lime  at  a  red 
heat,  zincite  is  formed.  Ferriferes  and  Dupont^  obtained  it,  at  a 
similar  temperature,  by  the  action  of  steam  upon  zinc  chloride  alone. 
By  heating  the  amorphous  oxide  in  an  atmosphere  of  oxygen,  T. 
Sidot  •  was  able  to  effect  its  crystallization.  A.  Gorgeu  *  prepared 
the  mineral  by  several  processes,  one  of  which  consisted  in  the  gradual 
calcination  of  zinc  sulphate  or  nitrate.  In  this  case  better  results 
were  obtained  when  an  alkaline  sulphate  was  mingled  with  the  zino 
salt.  Zincite  was  also  formed  when  a  mixture  of  zinc  fluoride  and 
potassium  fluoride  was  strongly  heated  in  a  current  of  steam. 

,The  zinc  spinels,  gahnite  and  franklinite,  have  also  been  arti- 
ficially prepared.  J.  J.  Ebelmen  *  obtained  gahnite  by  fusing  a  mix- 
ture of  almnina,  zinc  oxide,  and  boron  trioxide.  When  ferric  oxide 
was  used  in  place  of  altunina,  franklinite  was  formed.  By  vapor- 
izing aluminum  chloride  and  zinc  chloride  over  lime  at  a  red  heat, 
A.  Daubr6e  ®  prepared  gahnite;  and  franklinite  was  similarly  pro- 
duced by  using  the  chlorides  of  iron  and  zinc.  H.  Sainte-Claire 
Deville  and  H.  Caron '  obtained  gahnite  by  vaporizing  a  mixture  of 
zinc  and  aluminum  fluorides  in  presence  of  boric  oxide.  A.  Stelzner ' 
found  gahnite,  with  fayalite,  in  the  walls  of  a  muffle  of  a  zinc  furnace 
at  Freiberg,  where  it  had  been  formed  by  the  action  of  zinc  vapors 
upon  the  clay  siUcates.  In  another  similar  case,  H.  Schulze  and 
Stelzner  •  report  the  formation  of  willemite  and  tridymite.  The 
occurrence  of  crystallized  willemite  in  a  furnace  slag  has  also  been 
recorded  by  W.  M.  Hutchings.^® 

According  to  A.  Daubrfie,®  willemite  can  be  prepared  by  the  action 
of  silicon  tetrachloride  upon  zinc  oxide  at  a  red  heat.  This,  however, 
was  denied  by  H.  Sainte-Claire  Deville,"  who  found  that  willemite 
was  decomposed  by  silicon  chloride.  It  is  formed  when  silicon 
fluoride  acts  upon  zinc  oxide,  and  also  by  the  action  of  zinc  fluoride 
upon  heated  silica.  A.  Gorgeu  '^  produced  willemite  by  two  processes. 
First,  zinc  sulphate,  calcined  with  an  alkaline  sulphate  and  silica, 
yields  willemite  and  tridymite.  Secondly,  the  mineral  is  formed 
when  zinc  chloride  is  fused  with  silica  in  presence  of  steam. 

By  heating  metallic  zinc  with  seltzer  water  in  a  sealed  tube  at  100°, 
L.  Boui^eois  "  obtained  crystals  of  smithsonite.    G.  Bischof  "  cites 

I  Oompt.  Rend.,  vol.  39, 1854,  p.  135. 

•  See  Bourgeois,  op.  cit,  p.  56. 

a  Compt.  Rend.,  vol.  69, 1869,  p.  201. 
« Idem,  vol.  104, 1887,  p.  120. 

•  Annales  chinL  phys.,  3d  ser.,  vol.  33, 1861*  p.  M. 

•  Compt.  Rend.,  vol.  39, 1854,  p.  135. 
'  Idem,  vol.  46, 1858,  p.  766. 

•  Neuos  Jahrb.,  Band  1, 1882,  p.  170. 

•  Idem,  Band  1, 1881,  p.  120. 

u  Oeol.  Mag.,  3d  ser.,  vol.  7, 1800,  p.  31. 

u  Compt  Rend.,  vol.  52, 1861,  p.  1304. 

tt  Idem,  vol.  1(M,  1887,  p.  120. 

u  Reprodnction  artiflcielle  des  mln^raux,  p.  144. 

M  Lehrbueh  der  chemischen  imd  physikalischen  Oeologie,  2d  ed.,  vol.  1,5^.  ^Al« 
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a  number  of  instances  in  which  zinc  carbonate  has  formed  as  a 
dei)08it  from  natm*al  waters. 

In  nature,  zinc  ores  occur  under  a  variety  of  conditions — in  true 
metalliferous  veins,  in  metamorphic  rocks,  and  under  circumstances 
which  indicate  a  sedimentary  origin.  In  some  cases  Uiey  form 
metasomatic  replacements  of  limestone.  Percolating  solutions  of 
zinc,  permeating  limestones,  would  necessarily  react  upon  the  latter, 
the  zinc  being  deposited  as  carbonate  in  place  of  the  removed  lime 
compounds.  Pseudomorphs  of  smithsonite  after  calcite  are  weU 
known.  In  an  experiment  reported  by  G.  Piolti,'  a  fragment  of 
calcite,  immersed  during  17}  years  in  a  solution  of  zinc  sulphat^, 
became  coated  with  smithsonite  and  gypsum. 

In  the  introduction  to  this  chapter  evidence  was  adduced  showing 
that  zinc  was  present,  albeit  in  small  amoimts,  in  Archean  rocks, 
from  which  it  may  be  concentrated.*  It  is  also  found  in  diffused 
traces  in  many  sedimentary  rocks.  L.  Dieulafait  -  detected  zinc  in 
hundreds  of  samples  of  Jurassic  limestone  from  central  France. 
J.  D.  Robertson '  found  it,  with  lead  and  copper,  in  the  limestones 
of  Missouri,  and  J.  B.  Weems  ^  determined  lead  and  zinc  in  the 
limestones  and  dolomites  of  the  Dubuque  region,  Iowa.  The  average 
of  nine  samples  analyzed  by  Weems  gave  0.00326  per  cent  Pb  and 
0.00029  per  cent  Zn.  Robertson's  figures  are  as  follows  for  six 
Silurian  magnesian  limestones  and  seven  limestones  from  the 
** Lower"  Carboniferous;   they  are  stated  in  percentages. 

Lend,  zinc,  and  copper  in  liincHtnne^i. 


Silurian. 

Lower  Oarbonlferons. 

Lead 

Trace  to  0.00156 
0.00016  to  0.01536 
0.00040  to  0.00256 

Trace  to  0.00346 

Zinc 

Trace  to  0.002d5 

^  'oDuer 

Trace  to  0.00880 

rl'^ 

Small  as  these  proportions  are,  they  are  sufficient  to  account  for 
the  formation  of  the  ore  bodies  in  the  r^ons  studied.  In  each  region 
a  comparatively  moderate  amount  of  decomposition  of  the  country 
rocks  would  supply  the  ores  contained  in  the  known  deposits.* 

Similar  results  to  those  of  Weems  and  Robertson  were  obtained 
by  A.  M.  Finlayson  ®  in  his  study  of  the  British  lead  and  zinc  deposits. 
These  metals  were  found  in  the  country  rocks  in  quantities  of  the 
same  order  of  magnitude,  and  were  more  abundant  in  the  granites 

1  Jour.  Chom.  Soc.,  vol.  100,  p.  902, 1911.    Abstract. 
<  Cumpt.  Rend.,  vol.  90, 1880,  p.  1573,  and  vol.  96, 1883,  p.  70. 
>  Missouri  Oeol.  Survey,  vol.  7, 1894,  pp.  479-181. 

4  Cited  by  S.  Calvin  and  H.  F.  Bain,  Iowa  0«ol.  Survey,  vol.  10, 1900,  p.  5M. 

ft  See  T.  C.  Chamberlin,  Geology  of  Wlsoomsin,  vol.  4, 1882,  pp.  397-553,  and  A.  Window,  Minouri  OeoL 
Survey,  vols.  6  and  7,  especially  vol.  7, 1894,  p.  467,  etc. 
« Quart.  Jour.  Geol.  Soc.,  vol.  66, 1910,  p.  899. 
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than  in  the  limestones.  Finlayson  regards  the  metals  as  having  been 
brought  up  in  solution  from  below,  in  waters  which  contained  alka- 
line sulphides  and  also  fluorine.  The  order  of  deposition  of  the  vein 
minerals  was  chalcopyrite,  first,  then  fluorite,  blende,  galena,  and 
finally  pyrite. 

This  association  of  sphalerite  with  other  sulphides  is  very  general, 
so  much  so  that  economic  geologists  usually  consider  lead  and  zinc 
together.  In  the  famous  ore  bodies  of  the  Mississippi  Valley  the  two 
ores  are  rarely  foimd  quite  apart,  although  in  one  locality  zinc  may 
predominate,  while 'lead  is  the  chief  thing  of  value  in  another.  Cal- 
cite,  dolomite,  and  sometimes  fluorite  or  barite  are  frequent  com- 
panions of  the  ores,  and  bitimninous  matter  is  often  present  also.  By 
alteration  of  sphalerite,  surface  deposits  of  calamine  and  smithsonite 
are  formed,  just  as  oxidized  ores  are  developed  above  bodies  of  copper 
sulphide.  Secondary  crystallizations  of  sphalerite  are  also  conunon 
where  solutions  of  zinc  sulphate,  formed  near  the  top  of  an  ore  body, 
have  percolated  downward,  and  been  reduced  to  sulphide  again.  It 
is  highly  probable  that  pyrite  or  marcasite  may  react  upon  the  zinc- 
bearing  solutions  and  aid  in  the  regeneration  of  the  sphalerite.  Some 
experiments  by  H.  N.  Stokes,*  carried  out  in  the  laboratory  of  the 
United  States  Geological  Survey,  have  shown  the  possibility  of  such 
reactions.  Pyrite  and  marcasite  heated  to  180°  with  solutions  of  zinc 
salts  and  alkaline  carbonates  actually  yield  zinc  sulphide.  Sphalerite 
sometimes  occurs  in  stalactitic  forms,  which  could  be  deposited  only 
from  solutions.  The  calamine  and  smithsonite  are  sometimes  pure 
and  crystalline,  sometimes  quite  impure  and  earthy.  The  so-called 
''  tallow  clays"  of  Missouri  and  Arkansas  are  zinc-bearing  clays,  prob- 
ably mixtures  of  aluminous  silicates  with  calamine,  and  they  contain 
from  4  to  5  per  cent  up  to  56  per  cent  of  zinc  oxide.'  Similar  clays, 
from  an  ore  body  at  Leadville,  Colorado,  were  analyzed  by  W.  F. 
Hillebrand.' 

On  the  sedimentary  lead  and  zinc  ores  of  the  Mississippi  Valley 
there  is  a  copious  literature,  with  much  discussion  about  genetic  prob- 
lems. Some  authorities  derive  the  ores  from  ascending,  heated 
waters;  some  find  their  proximate  sources  in  the  adjacent  limestones, 
and  others  trace  them  still  further  back  to  Archean  rocks,  or  argue 
that  the  zinc  and  lead  were  deposited  with  the  sediments  from  solu- 
tion in  the  Silurian  ocean.     All  agree,  however,  that  the  ores  were 

1  Eoon.  Geology,  vol.  2,  1907,  p.  17.  See  also  the  work  of  Anthon,  Sc^iOrmann,  and  others,  already  cited 
OD  p.  643,  ante. 

»  See  W.  H.  Seamon,  Am.  Jour.  Scl.,  3d  ser.,  vol.  39, 1890,  p.  38;  and  J.  C.  Branner,  Ann.  Rept.  Arkan- 
as  Geol.  Sorvey,  vol.  6, 1892,  pp.  9-34.  Both  authors  give  analyses,  and  other  analyses  by  T.  M.  Chatard 
and  H.  N.  Stokes  can  be  found  in  Bull.  U.  S.  Oeol.  Survey  No.  238, 1904,  pp.  361,  362.  A  similar  clay  from 
Bertha,  Virginia,  with  12.1  per  cent  ZnO,  was  described  by  B.  H.  Hesrward,  Chem.  News,  vol.  44, 1881,  p. 
a07. 

»  Mon.*U.  S.  Oeol.  Survey,  vol.  12, 1886,  p.  603. 
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deposited  from  solution,  which  is  the  essential  fact  for  the  geochemist 
to  consider.' 

The  zinc  mines  at  Franklin  and  Sterling  Hill,  New  Jersey,  are  of 
a  different  type  from  those  of  the  Mississippi  Valley,  being  indeed 
unique.  Here  zincite,  franklinite,  and  willemite,  ores  which  are  rare 
minerals  elsewhere,  are  most  abundant,  while  blende  is  present  only 
in  insignificant  quantities.  The  ore  bodies  occur  in  crystalline  lime- 
stone, in  contact  with  gneiss,  and  the  limestone  is  pierced  by  numer- 
ous granitic  dikes.  It  seems  probable,  from  the  character  of  the  ores 
and  their  mineralogical  associations,  that  they  were  formed  by  con- 
tact metamorphism.  A  bed  of  limestone  containing  calamine  and 
smithsonite,  together  with  other  impurities,  might  be  expected  to 
change,  by  thermal  metamorphosis,  into  just  such  a  formation  as  that 
at  Franklin.  The  smithsonite  would  yield  zincite,  the  willemite 
might  be  formed  from  calamine,  and  the  franklinite  and  gahnite,  with 
other  spinels,  could  develop  exactly  as  members  of  the  spinel  group 
develop  in  ordinary  limestones.  This  hypothesis  needs  verification, 
but  it  is  plausible  and  simple.  In  southwestern  New  Mexico,  accord- 
ing to  W.  P.  Blake,'  zinc  ores  occur  in  a  contact-metamorphosed 
limestone;  but  blende  is  the  principal  mineral.  Blake,  however,  is 
inclined  to  conelate  this  deposit  with  that  at  FrankUn,  notwith- 
standing their  diirerences.' 

>  For  data  concerning  these  deposits,  see  J.  D.  Whitney,  Rept.  Geol.  Survey  Wlsecmslii,  vol.  1,  diapt«'6, 
1862;  T.  C.  Chamberlin,  Geology  of  A\'l5Consln,  vol.  4,  1882,  pp.  367-553;  W.  P.  Blake,  Bull.  Oeol.  Soc. 
America,  vol.  5, 1893,  p.  25;  U.  S.  Grant,  Bull.  Wisconsin  Geol.  Nat.  Hist.  Survey  No.  9, 1903,  and  Bull. 
U.  S.  Geol.  Survey  No.  260, 19a'),  p.  305;  E.  E.  Ellis,  idem,  p.  310;  A.  G.  Leonard,  Iowa  Oed.  Soney,  vol. 
«,  1897,  pp.  13-65;  and  Am.  Geologist,  vol.  16, 1905,  p.  288;  H.  F.  Bain,  Bull.  U.  S.  Ged.  Survey  No.  225» 
1904,  p.  202;  A.  Winslow,  Missouri  Geol.  Survey,  vols.  6  and  7, 1894,  and  Jour.  Geology,  vol.  1, 1898,  p.  612; 

7.  D.  Robertson,  Am.  Geologist,  vol.  15,  1895,  p.  235;  Bain,  Van  Uise,  and  Adams,  Twenty-seoond  Ann. 
Kept.  U.  S.  Geol.  Purvey,  pi.  2, 1902,  p.  23;  W.  P.  Jenney,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  22, 1894,  pp. 
171, 642;  E.  Ilcdburg,  idem,  vol.  31,  1901,  p.  379;  J. C.  Branner,  Ann.  Kept.  Arkansas  Geol.  Survey,  vol.5, 
1892,  and  Trans.  Am.  In^t.  Min.  Eng.,  vol.  31, 1901,  p.  572;  G.  I.  Adams,  idem,  vol.  34,  1904,  p.  163;  BuU. 
U.  S.  Geol.  Survey  No.  213, 1903,  p.  187,  and  Prof.  Paper  U.  S.  Geol.  Survey  No.  24, 1901;  W.  S.  T.  Smith, 
BuU.  U.  S.  Geol.  Survey  No.  213, 1903,  p.  196,  and  A.  Keith,  Bull.  U.  S.  Geol.  Survey  No.  225, 1904,  p.  206. 
See  also  W.  TI.  Case,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  22, 1894,  p.  511,  on  the  linc  ores  of  Bertha,  Virginia. 

8.  F.  Emmons  (Trans.  Am.  Inst.  Min.  Eng.,  vol.  22, 1891,  p.  83)  briefly  discusses  the  origin  d  zinc  ores, 
and  so  too  does  C.  R.  Van  llise  in  his  Treatise  on  metamorphism,  Mon.  U.  S.  Geol.  Survey,  vol.  47, 19W, 
pp.  1125-1158.  A  zinc  deposit  in  Neada  is  described  by  Bain,  Bull.  U.  8.  Geol.  Survey  No.  285,  1906» 
p.  166.  Other  publications  are  by  £ .  Ila worth  and  others,  Kansas  Univ.  Oeol.  Survey,  vol.  8, 1904;  £.  H. 
Buckley  and  II.  A.  Buehler,  Missouri  Bur.  Geology  and  Mines,  2d  ser.,  vol.  4, 1906,  and  Buckley,  idem, 
vol.  9,  pt.  1, 1908;  II.  F.  Bain  ,  Bull,  U.  S.  Geol.  Survey  No.  294,  1907;  T.  L.  Watson,  Bull.  Am.  In.'rt. 
Min.  Eng.,  March,  1906.  See  also  Bain,  Bull .  Wisconsin  Geol.  Nat.  Hist .  Survey  No.  19, 1907;  L.  C.  Snider. 
Oklahoma  Geol.  Suney,  Bull.  No.  9, 1912;  G.  II.  Cox,  Econ.  Geology,  vol.  6, 1911,  p.  427.  On  the  genesis 
of  the  Ozark  deposits,  see  C.  R.  Keyes,  Bull.  Am.  Inst.  Min.  Eng.,  1909,  p.  119;  Bull.  U.  8.  Oeol.  Suney 
No.  606, 1915,  by  C.  E.  Siebenthal,  is  an  exhaustive  treatise  on  the  lead  and  sine  ores  of  JopUn  and  tba 
adjacent  regions. 

*  Trans.  Am.  Inst.  Min.  Eng.,  vol.  34, 1895,  p.  187. 

*  For  data  regarding  the  Franklin  region,  see  F.  L.  Nason,  Ann.  Rept.  State  Geologist  New  Jersey,  1880^ 
p.  25;  and  J.  F.  Kemp,  Trans.  New  York  Acad.  Sd.,  vol.  13, 1898,  p.  76.  Kemp  gives  refBrsnoes  to  earlier 
literature.  See  also  J.  £.  Wolff,  Bull.  U.  8.  Geol.  Survey  No.  213, 1908,  p.  214,  and  A.  C.  Spenoer,  Ann. 
Rept.  State  Geologist  New  Jersey,  1906,  and  Oeol.  Atlas  U.  S.,  U.  S.  Oeol.  Survey,  FimkUn  Fnmeoi 
folio  (No.  161 ),  1906.  On  the  sine  ores  of  St.  Lawrence  County,  New  York,  see  Boll  New  York  State  Mm. 
No.  201, 1918. 
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Although  lead  is  one  of  the  commoner  heavy  metals,  native  lead  is 
exceedingly  rare.  It  is  known,  however,  from  several  localities,  but 
it  is  always  of  secondary  origin,  a  product  of  reduction.' 

The  principal  ore  of  lead  is  the  normal  sulphide,  galena,  PbS. 
Allied  to  this  are  the  rare  selenide,  clausthaUte,  and  altaite,  the  cor- 
responding telluride.'  The  synthetic  preparation  of  galena  has  been 
effected  by  various  methods,  both  wet  and  dry.  J.  Durocher' 
obtained  it  by  the  action  of  hydrogen  sulphide  upon  lead  chloride  at  a 
red  heat.  Any  other  salt  of  lead  would  probably  serve  the  same 
purpose.  Even  the  silicate  of  lead  contained  in  glass,  according  to 
T.  Sidot,*  when  heated  in  the  vapor  of  sulphur,  yields  galena.  F. 
Stolba  ®  produced  crystals  of  the  sulphide  by  heating  the  amorphous 
compound  to  dull  redness  with  chalk.  F.  de  Marigny  •  produced 
galena  by  fusing  litharge  with  iron  pyrites  and  starch.  F.  Roessler ' 
crystallized  both  galena  and  clausthalite  from  solution  in  molten 
lead.  By  distiUation  of  a  mixture  containing  lead  oxide,  sulphur, 
and  ammonium  chloride,  E.  Weinschenk  *  also  prepared  crystals  of 
galena.  It  is  furthermore  to  be  noted  that  galena  is  not  xmcommon 
in  furnace  slags,  and  that  Mayen^on  •  has  reported  its  formation  as 
a  product  of  sublimation  in  a  burning  coal  mine. 

The  foregoing  syntheses  of  galena  have  small  geological  signifi- 
cance. In  nature,  the  mineral  appears  to  be  commonly  formed  by 
hydrochemical  reactions,  and  these  can  be  imitated  in  the  laboratory. 
C.  Doelter  ^®  allowed  lead  chloride,  sodimn  bicarbonate,  and  a  solution 
of  hydrogen  sulphide  in  water  to  remain  in  a  sealed  tube  at  ordinary 
room  temperature  during  five  months.  Crystals  of  galena  were  thus 
formed.  E.  Weinschenk  "  heated  a  solution  of  lead  nitrate  with 
ammonium  sulphydrate  to  180^  in  a  sealed  tube  and  also  obtained 
galena.  H.  N.  Stokes  ^^  has  foimd  that  pyrite  or  marcasite,  heated 
with  a  solution  of  lead  chloride  to  180°,  will  precipitate  lead  sul- 
phide.    A.  Daubree  "  observed  the  formation  of  galena,  together  with 

»  A.  Hamberg  (Zcitschr.  Kryst.  Min.,  vol.  17,  1890,  p.  253)  has  suggested  that  at  Uarstig,  Swcdon,  the 
lead  was  reduced  by  arseiiious  oxide. 

*  Nagyagite  is  a  suljiliotclluride  of  lead,  gold,  and  antimony.    Naumannlte,  lehrbachite,  and  lorgitc  are 
selenides  of  lead  with  silver,  mercury,  or  copper. 

»  Compt .  Rend.,  vol.  32, 1851,  p.  825.    See  also  A.  Carnot,  dted  by  L.  Bourgeois,  Reproduction  artlficielle 
des  mln^raux,  p.  30. 

*  Compt.  Rend.,  vol.  02,  18fi6,  p.  909.  , 
^  Jahresb.  Chcmie,  18<)3,  p.  242. 

•Compt.  Rend.,  vol.  58,  ISCA,  p.  967. 

'Zeitschr.  anorg.  Chemie,  vol.  9,  1895,  p.  41.    By  passing  selenium  vapor  over  melted  lead  G.  Little 
(Liebig's  Annaleu,  vol.  112,  1859,  p.  211)  also  produced  the  selenide. 
»  Zeitschr.  Kryst.  Min.,  vol.  17,  1890,  p.  489. 

*  Compt.  Rend.,  vol.  86,  1878,  p.  491. 

w  Zeitschr.  Kryst.  Min.,  vol.  11, 1886,  p.  41.    A.  C.  Berciuerel  (Compt.  Rend.,  vol.  44,  1857,  p.  938)  men- 
ttons  a  hydrochemical  synthesis  of  galena,  but  too  viiguoly  to  warrant  citation  above. 
"  Zeitschr.  Kiyst.  Min.,  vol.  17, 1890,  p.  497. 
>2  Econ.  Gcologj',  vol.  2, 1907,  p.  22. 
13  Etudes  synth^tiques  de  g^ologie  expdrimentale,  pp.  84, 85. 
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anglesite  and  phosgenite,  by  the  action  of  the  thennal  waters  of 
Bourbonne-les-Bains  on  metallic  lead.  Lead  sulphide  is  also  known 
in  spring  deposits/  and  as  a  pseudomorphous  replacement  of  other 
minerals.  W.  Lindgren '  mentions  replacements  of  calcite,  dolomite, 
and  quartz,  and  also  of  orthoclase  and  rhodonite.  W.  H.  Hobbs* 
has  described  secondary  galena  as  a  surface  film  on  cerusitOi  formed 
probably  by  the  action  of  hydrogen  sulphide  on  the  latter  miiieral. 
That  galena  itself  is  slightly  soluble  in  water  and  also  in  solutions  of 
sodium  sulphide  has  been  shown  by  C.  Doelter.*  A.  Gautier  *  has 
sliown  that  galena  is  dissociated  into  its  elements  by  the  action  of 
steam  at  a  red  heat.  A  little  galena  volatilizes  and  is  redeposited  in 
cr}^stalline  form,  and  some  also  is  converted  into  sulphate.  The  pres- 
ence of  galena  among  the  Vesuvian  sublimates,  mentioned  in  an 
earlier  chapter  of  this  volume,  may  be  correlated  with  Gautier's 
observations. 

The  sulphosalts  of  lead  are  numerous,  although,  on  account  of 
their  individual  rarity,  they  have  little  significance  as  ores.*  Sarto- 
rite,  dufrenoysite,  guitermanite,  jordanite,  rathite,  and  lengenbachite 
are  sulpharsenides.  Zinkenite,  plagionite,  jamesonite,  senaseyite, 
boulangerite,  menoghinite,  geocronite,  kilbrickenite,  and  epiboulan- 
gerite  are  sulphantimonides.  Other  sulphantimonides  of  lead  and 
silver  are  brongniardite,  diaphorite,  freieslebenite,  and  andorite. 
The  sulphobismuthides  are  chiviatite,  rezbanyite,  galenobismutite, 
schirmerite,  cosalite,  schapbachite,  kobeUite,  lillianite,  and  beegerite. 
Teallite,  cylindrite,  and  franckeite  are  sulphostannides,  which,  for 
present  purposes,  must  be  classified  under  tin. 

According  to  J.  Fournet,^  zinkenite,  PbSbjS^,  can  be  prepared  by 
fusing  galena  and  stibnite  together  in  proper  proportions.  C.  Doel- 
ter,^  by  heating  antimony,  antimony  trioxide,  and  lead  chloride 
together  in  gaseous  hydrogen  sulphide,  obtained  jamesonitei  PbSbjSj, 
mixed  with  stibnite  and  galena.  By  the  action  of  molten  lead  chlo- 
ride upon  antimony  trisulphide,  H.  Sommerlad'  reproduced  boidan- 
gerite,   PbjSbjSe;    zinkenite;    jamesonite;    warrenite*®  (domingite), 

1  See,  for  example,  the  sinter  described  by  O.  F.  Becker  and  W.  H.  Melville,  Mem.  U.  S.  Geol.  Survey, 
vol.  13,  1888,  p.  344. 

«  Trans.  Am.  Inst.  Min.  Eng.,  vol.  30, 1900,  p.  578. 
Am.  Jour.  Sci.,  3d  ser.,  vol.  50,  1895,  p.  121. 

'  Min.  pet.  Mitt.,  vol.  11, 1890,  p.  319.  An  Iron  vcdRe  or  chisel  coated  with  galena  is  mentioned  in  Mln- 
eralog.  Mag.,  vol.  16, 1913,  p.  340. 

»  Compt.  Rend.,  vol.  142,  1906,  p.  1465. 

•  Boumonite  and  aikinite,  which  cont4un  both  lead  and  copper,  have  already  been  mentioned  under  the 
latter  metal. 

'  Cited  by  L.  Bourgeois,  Reproduction  artiflcielle des  min^raux,  p.  46,  from  Jour,  prakt.  Chemie,  vol.  2, 
p.  490. 

•Zeitschr.  Kryst.  Min.,  vol.  11,  1886,  p.  40. 

•  Zeitschr.  anorg.  Chemie,  vol.  18,  1898,  p.  420.  Sommerlad's  results  have  been  called  in  qnestioa  by 
F.  Ducatte  (Thesis,  Univ.  Paris,  1902)  and  J.  Rondet  (Thesis,  Univ.  Paris,  1904),  who  claim  that  tbe  raao- 
tions  employed  really  produce  complex  chlorinated  sulphides,  and  not  true  sulphosalts. 

M  According  to  L.  J.  Spenoer  (Mineralog.  Mag.,  vol.  14,  1907,  p.  207),  warrenite  is  identical  with  Jame- 
sonite. W.  T.  Schaller  (Zeitschr.  Kryst.  Min.,  vol.  48, 1911,  p.  562)  regards  it  as  a  mixture  of  Jamesooite  and 
linkenite. 
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Pb8Sb4So;  and  plagionite,  PbgSbgSjy.  By  fusing  lead  sulphide  and 
arsenic  trisulphide  together,  he  obtained  sartorite  (scleroclase), 
PbA8,S4,  and  dnfrenoysite,  PbjAsjSj. 

G.  Pelabon,*  studjring  the  fusion  curve  of  the  system  PbS + SbjS,, 
found  that  zinkenite  crystallized  out  at  558"^,  and  jamesonite  at 
610°.  F.  M.  Jaeger  and  H.  S.  van  Klooster,'  by  a  similar  process, 
obtained  only  jamesonite  and  plagionite.  The  component  sulphides 
were  fused  together  in  an  atmosphere  of  nitrogen.  They  assert  that 
Sommerlad's  syntheses  are  incorrect. 

Whether  any  of  these  syntheses  correspond  to  natural  processes  is 
questionable.  The  ore  bodies  in  which  the  minerals  occur  appear  to 
have  been  formed  in  most  cases  from  mineralized  solutions,  or  else 
by  pneumatolytic  reactions  at  temperatures  which  were  not  exces- 
sively high.  Syntheses,  to  be  geologically  significant,  should  be  con- 
ducted on  the  lines  which  nature  seems  to  have  followed.* 

By  oxidation,  carbonation,  etc.,  the  sulphur  compoimds  of  lead  are 
transformed  into  other  minerals.  Among  them  are  the  three  oxides, 
massicot,  PbO;  minium,  Pb^O^;  and  plattnerite,  PbOj.  All  these 
have  been  prepared  synthetically  in  crystalline  form,  but  in  most 
cases  by  methods  which  scarcely  resemble  natural  processes.  A.  C. 
Becquerel,*  by  allowing  an  alkaline  solution  of  alumina  or  silica  to  act 
slowly  upon  a  plate  of  lead,  obtained  crystals  of  massicot.  The  lead 
was  surrounded  by  a  coil  of  copper  wire,  and  Becquerel  attributed  the 
synthesis  to  electrical  action.  It  was  more  probably  a  simple  hydro- 
chemical  process. 

Lead  carbonate,  cerusite,  PbCO,,  is  a  common  mineral,  produced 
by  the  action  of  carbonated  waters  in  the  upper  levels  of  ore  bodies.* 
Tbere  are  also  the  basic  hydrocerusite,  Pb8(OH)2(C08)2>  and  the  rare 
dundasite,  a  carbonate  of  aluminum  and  lead.*  Becquerel '  obtained 
crystals  of  cerusite  when  a  solution  of  sodium  and  calcium  carbonate 
acted  gradually  upon  a  plate  of  lead.  E.  Fremy  •  produced  the 
mineral  by  the  slow  diflFusion  of  a  carbonate  solution  into  a  lead 
solution  through  a  porous  membrane.  By  some  such  gradual  min- 
gUng  of  dilute  solutions,  the  natural  cerusite  is  probably  often  formed.* 

>  Compt.  Rend.,  vol.  156,  p.  706, 1913. 

«  Zeitschr.  anorg.  Chemie,  vol.  78,  p.  245,  1912. 

*  Jamesonite  forms  an  important  ore  at  La  Sirena,  near  Zimapan,  Mexico.  See  W.  I4ndgren  and  W.  L. 
Whitehead,  Econ.  (Jeology.  vol.  9,  1914,  p.  43.'>. 

*  Compt .  Rend . ,  vol .  34 , 1 8.')2 .  p .  29 .  See  also ,  for  other  researches ,  L .  Bourgeois ,  Reproduction  artiflcielle 
desmindraux.  p.  56.  L.  Michel  (Bull.  iSoc.  min.,  vol.  13,  1890,  p.  56)  reports  syntheses  of  minium  and 
plattnerite. 

*  A  large  deposit  of  cerusite  in  the  Terrible  mine,  at  Use,  Colorado,  has  been  described  by  R.  B.  Brins- 
made,  Eng.  and  Min.  Jour.,  vol.  83,  1907,  p.  844.  Its  formation  is  ascribed  to  the  action  of  descending 
waters. 

•  See  O.  T.  Prior,  Mineralog.  Mag.,  vol.  14,  1906.  p.  167. 
» Loc.  cit. 

•  Compt.  Rend.,  vol.  63, 1866,  p.  714. 

•  The  syntheses  of  cerusite,  by  J.  Riban  (Compt.  Rend.,  vol.  93, 1881,  p.  1026),  and  of  h3rdrooernsite,  by 
L.  Bom^eois  (Ball.  See.  min.,  vol.  11, 1888,  p.  221),  have  no  relation  to  natural  processes. 
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H.  von  Dechen  ^  has  reported  the  case  of  an  old  mine  whose  walls  were 
covered  with  a  thick  coating  of  cerosite,  which  had  been  deposited 
from  solution  like  sinter.  A.  Lacroix '  has  observed  the  mineral  as 
a  coating  on  old  Roman  coins.  It  is  also  produced  by  metasomatic 
re]>lacement  in  limestones,  and  fossils,  such  as  encrinites^  have  been 
found  completely  transformed  into  cerusite.'  The  rare  chloro- 
carbonate  of  lead,  phosgenite,  PbjClaCOj,  was  reproduced  by  C. 
Friedel  and  E.  Sarasin;^  when  lead  chloride,  lead  carbonate,  and 
water  were  heated  together  in  a  sealed  tube  to  180°.  It  was  also 
prepared  by  A.  de  Schulten,*  who  allowed  a  filtered  solution  of  lead 
chloride  to  stand  in  a  large  flask  while  a  current  of  carbon  dioxide 
passed  slowly  through  the  vacant  space  above. 

Cotunnite,  lead  chlorite,  PbOa,  is  foimd  in  nature  as  a  volcanic 
mineral,  produced  by  subUmation.  F.  Stober  •  reproduced  the  min- 
eral by  this  process,  and  also  obtained  it  in  minute  crystals  from 
simple  solution  in  water  or  in  aqueous  hydrochloric  acid.  It  was  also 
formed  by  A.  C.  Becquerel,'  much  earUer,  by  allowing  a  solution  of 
copper  sulphate  and  sodium  chloride  to  act  upon  galena  during  a 
period  of  seven  years.  The  sulphate,  anglesite,  was  obtained  at  the 
same  time.  The  great  rarity  of  cotunnite  as  a  natural  mineral  is  due 
to  the  strong  tendency  on  the  part  of  lead  to  form  basic  salts,  and  the 
basic  chlorides  are  much  more  frequently  found.  Matlockite,  Pb^OCl,, 
and  mendipite,  PbjOjCla,  have  long  been  known.  Schwartzembergite 
is  like  mendipite  in  composition,  but  with  iodine  largely  replacing 
chlorine.  Laurionite,®  paralaurionite,  penfieldite,  daviesite,  and  fied- 
lerite  are  oxychlorides  of  lead  which  have  formed  on  ancient  slags  at 
Laurium,  in  Greece.  CaracoUte  is  a  double  salt  of  the  composition 
PbOHCl-hNa^SO^.  PercyUte,  cumengeite,  and  pseudoboleite  are 
oxychlorides  of  lead  and  copper,  and  boleite  is  similar  in  composition, 
but  with  silver  chloride  as  an  additional  componentv 

Ticad  sulphate,  PbSO^,  as  the  crystallized  mineral  anglesite,  is  a 
common  oxidation  derivative  of  galena.  According  to  E.  Jannetaz  ^* 
galena  is  easily  attacked  by  acid  solutions  of  ferrous  sulphate  such  as 
are  generated  by  the  oxidation  of  pyrite  or  marcasite.     The  associa- 

»  Neues  Jahrb.,  1858,  p.  216. 

«  Bull.  Soc.  mln.,  vol.  6, 1883,  p.  175. 

*  See  Bldde,  Neues  Jahrb.,  1834,  p.  638. 

*  Bull.  Soo.  min.,  vol.  4, 1881,  p.  175. 

•  Idem,  vol.  20, 1897,  p.  194. 

•  Bull.  Acad.  roy.  sd.  Belgique,  3d  ser.,  vol.  30, 1895,  p.  345. 
» Compt.  Rend.,  vol.  34,  1852,  p.  29. 

•  For  a  synthesis  of  laurlonite.  PbOHCI,  see  A.  de  Schulten,  Bull.  Soc.  mln.,  vol.  20, 1807,  p.  186.  On  tlie 
rare  minerals  of  Lauriiun,  see  A.  Lacroix  and  De  Schulten,  Bull.  Soc.  rain.,  vol.  31, 190S,  p. 79.  Oeorgtaddaite, 
a  phosphate  and  chloride  of  lead,  should  be  added  to  the  list. 

*  Percylite,  cumengoite,  and  boleite  have  been  made  artificially  by  C.  Friedel,  Bull.  Soo.  min.,  vol.  15, 
1892,  p.  96;  1893,  p.  187;  and  vol.  17, 1894,  p.  6.  See  also,  in  reference  to  these  minerals,  E.  ICallard,  BulL 
Soc.  mln.,  vol.  16, 1893,  p.  187;  and  O.  Friedel,  idem,  vol.  29, 1906,  p.  14. 

»«  Bull.  Soc.  g^l.  France,  3d  ser.,  vol.  3, 1876,  p.  310.  G.  Piolti  (Jour.  Chem.  Soc.,  vol.  100, 1911,  p.  902; 
abstract)  obtained  crystals  of  anglesite  by  the  prolonged  immersion  of  galena  in  a  solution  oC  potaasium 
nitrate. 
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tion  of  galena  with  pyrite,  therefore,  is  favorable  to  the  formation 
of  anglesite.  Its  synthesis  by  Becquerel  has  already  been  mentioned, 
and  it  has  also  been  prepared  by  Mac^/  who  added  a  solution  of  fer- 
rous sulphate  very  slowly  to  one  of  lead  nitrate.  E!ssentiaUy  the 
same  process  was  successfully  followed  by  E.  Premy*  and  by  E. 
Masing,*  a  soluble  sulphate  being  allowed  to  diffuse  very  slowly  into 
one  of  a  lead  salt-  in  Masing's  case  lead  nitrate.  Lead  sulphate, 
although  relatively  insoluble,  is  not  absolutely  so;  it  therefore  can 
be  crystallized,  as  the  syntheses  show,  when  it  is  formed  with  extreme 
slowness  in  very  dilute  solutions.  Conditions  of  this  sort  probably 
attend  the  formation  of  anglesite  in  bodies  of  lead  ore;  but  when  car- 
bonates are  present  in  the  percolating  waters,  cerusite  is  produced 
instead.  The  synthesis  of  anglesite  by  N.  S.  Manross,*  who  obtained 
it  by  fusing  lead  chloride  with  potassium  sulphate,  does  not  seem  to 
correspond  with  any  natural  mode  of  formation. 

Lanarkite  is  a  rare,  basic  sulphate  of  lead,  PbjSOg.*  Caledonite 
and  Unarite  are  basic  sulphates  of  lead  and  copper,  and  plumbojaro- 
site  and  beaverite  basic  sulphates  of  lead  and  ferric  iron.  Leadhillite 
is  a  complex  salt  of  the  formula  PbS04.2PbC03.Pb(OH)3.  At  Granby, 
Missouri,  according  to  W.  M.  Foote,'  it  occurs  as  a  pseudomorph 
after  calcite  and  galena.  In  composition  it  suggests  a  double  salt 
formed  by  the  union  of  hydrocerusite  and  anglesite,  in  equimolecular 
proportions.'  Plumbojarosite,  a  highly  hydrated  sulphate  of  lead 
and  iron,  is  abundant  in  some  mines  in  Utah.' 

I^ad  salts  analogous  to  angelsite  are  the  chroma te,  crocoite, 
PbCr04;  the  molybdate,  ^vulfenite,  PbMo04;  and  the  tungstate,  stol- 
zite,  PbW04.  Tlie  rare  phoenicocbroite  •  is  a  basic  chromate, 
PbgCrjO^;  vauquelhiite  is  a  chromate  and  phosphate,  and  beresovite 
is  described  as  a  chromate  and  carbonate  of  lead,  which  is  not,  how- 
ever, the  equivalent  of  leadhillite,  for  it  contains  no  water. 

When  sodium  tungstate  is  fused  with  lead  chloride,  according  to 
N.  S.  Manross,^®  stolzite  is  formed;  with  sodium  molybdate,  wulfenite 
is  produced;  and  by  fusing  together  potassium  chjomate  and  lead 
chloride  he  obtained  crocoite.  The  formation  of  wulfenite  as  a 
furnace  product "  is  probably  due   to  some  reaction  of  this  kind. 

»  Compt.  Rend.,  voJ.  36,  1853,  p.  825. 
« Idem,  vol.  63,  1866,  p.  714. 
»  Jahresb.  Chemic,  1889,  p.  4. 

*  Liebig's  Annalrn,  vol.  82, 1852,  p.  348. 

•  Tor  a  sjTithcsis  of  lanarkite,  see  A.  do  Schulten,  Bull.  Soc.  min.,  vol.  21,  1898,  p.  142. 

•  Am.  Jour.  Sd.,  3d  ser.,  vol.  fiO,  1895,  p.  99. 

T  Palmieriti-,  a  double  sulphate  of  lead  and  potassium,  is  found  among  the  recent  products  of  fumarole 
action  at  Vesuvius. 

*  In  certain  of  the  mines  of  Beaver  County,  plimibojarositc  is  abundant  enough  to  t)e  treated  as  an  ore 
of  lead.    See  B.  S.  Butltr,  Kcon.  Geologj',  vol.  8,  1913,  p.  311. 

>  Also  called  melanochroite. 

»»  Liebig's  Annalen,  vol.  82,  1852,  p.  348.    H.  Schuitzc  (i<K  m,  vol.  12«i,  1863,  p.  51)  prepared  wulfenite  in 
the  same  way. 
"  See  J.  F.  I..  Hausmann,  idem,  vol.  81,  1852,  p.  224. 
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By  slow  difTusion  of  solutions  of  potassium  chromate  and  lead  nitrate 
into  one  another  A.  Drevermann  ^  obtained  both  crocoite  and  phoeni- 
eochroite.  Cerusite  and  anlgesite  were  formed  at  the  same  time 
from  impurities  in  the  reagents.  A.  C.  Becquerel'  allowed  a  gal- 
vanic couple  of  lead  and  platinum  to  act  for  several  years  upon  a 
solution  of  cliromic  chloride  and  obtained  crystals  which  appeared 
to  be  crocoite.  S.  Meunier  •  found  that  phoenicochroite  was  formed 
when  fragments  of  galena  were  immersed  during  six  months  in  a  solu- 
tiwi  of  potassium  dichromate.  L.  Bourgeois*  boiled  precipitated 
lead  chromate  with  dilute  nitric  acid.  From  the  hot,  filtered  solu- 
tion ci  ystals  of  crocoite  were  deposited.  Better  results  were  obtained 
when  the  operation  was  conducted  in  a  sealed  tube  at  130^.  Lachaud 
and  Lepierro  ^  state  that  when  amorphous  lead  chromate  is  boiled 
with  a  solution  of  cliromic  acid  it  crystallizes  into  crocoite.  Phoeni- 
cocliroite  was  formed  when  lead  chromate  and  sodium  chloride  were 
fused  together.  Both  chromates  were  obtained  by  Lildeking  •  upon 
exposing  to  the  air  during  several  months  a  solution  of  lead  chromate 
in  caustic  potash.  G.  Ces6ro  ^  prepared  crocoite  by  the  same  process, 
and  with  lead  molybdate  crystalline  wulfenite  was  formed.  E. 
Dittler  *  added  a  hot,  concentrated  solution  of  lead  chloride  to  a 
dilute  sulution  of  anunonium  molybdate,  and  obtained  an  amor- 
phous precipitate.  This,  dissolved  in  a  solution  of  sodium  carbonate, 
was  gradually  redeposited  as  wulfenite.  Natural  wulfenite,  digested 
with  sodium  bicarbonate,  yielded  hydrocerusite.  Of  all  these  syn- 
theses, that  by  Meunier  seems  best  to  represent  the  probable  natural 
processes. 

Throe  lead  minerals,  the  chlorophosphate,  pyromorphite,  PbjPsOijCl; 
the  corresponding  arsenate,  mimetite,  PbsAsjOuCl;  and  the  van- 
adium salt,  vanadinite,  PbsVjOuCl,  occur  both  independently  and  in 
great  variety  of  isomorphous  mixtures.  Endlichite,  for  example,  is 
a  mixture  of  the  arsenic  and  vanadium  compoimds,  and  minerals 
intermediate    between    mimetite    and    pyromorphite   are  common. 

AH  these  species  have  been  prepared  synthetically,  and  pyromor- 
phite is  also  known  as  a  furnace  product  in  slag.*  N.  S.  Manross  ^^ 
obtained  pyromorphite  by  fusing  lead  chloride  with  tribasic  sodium 
phosphate.  H.  Sainte-Claire  Deville  and  H.  Caron  "  fused  lead  phos- 
phate, lead  chloride,  and  sodium  chloride  together  to  produce  pyro- 
morphite, and  L.  Michel  "  accomplished  the  same  purpose  by  the 
same  process,  only  omitting  the  common  salt.  From  fusions  of  lead 
arsenate  with  lead  chloride  G.  Lechartier  "  and  also  Michel  succeeded 

*  Liebig's  Annalen,  vol.  87,  1853,  p.  120;  vol.  89,   ?  Bull.  Acad.  roy.  sci.  Belgique,  1905,  p.  327. 

1854,  p.  11.  •  Zeltschr.  Kryst.  Min.,  vol.  53, 1914,  p.  158. 

s  Compt.  Rend.,  vol.  63, 1866,  p.  1.  *  J.  J.  NOggerath,  Neues  Jahrb.,  1847,  p.  87. 

*  Idem,  vol.  87, 1878,  p.  656.  ^  Lieblg's  Annalen,  vol.  82, 1852,  p.  848. 

*  Bull.  Soc.  min.,  vol.  10, 1887,  p.  187.  ^i  Annales  chim.  phys.,  3d  ser.,  vol.  07, 1863,-d  45L 
»  Bull.  Soc.  chlm.,  8d  ser.,  vol.  6, 1891,  p.  230.  ^*  Bull.  Soc.  min.,  vol.  10, 1887,  p.  133. 

*  Am.  Jour.  Sd.,  3d  ser.,  vol.  44,  p.  57.  »  Compt.  Rend.,  vol.  65, 1867,  p.  172. 


METALLIC  ORES.  689 

in  reproducing  mimetite.  Vanadinite  was  obtained  by  P.  Haute- 
feuille  ^  when  vanadic  oxide  was  fused  with  lead  oxide  and  lead 
chloride.  All  of  these  syntheses,  it  will  be  seen,  are  similar  and  were 
effected  by  fusion,  while  the  natural  occurrences  of  the  minerals  indi- 
cate hydrochemical  reactions.  In  the  case  of  pyromorphite  this 
natural  process  was  simulated  by  H.  Debray,^  who  prepared  pyro- 
morphite by  digesting  lead  pyrophosphate  with  a  solution  of  lead 
chloride  at  250°. 

Other  phosphates,  arsenates,  and  vanadates  containing  lead  and 
sometimes  zinc,  iron,  or  copper  also,  are  plumbogummite,  caryinite, 
carminite,  lossenite,  bayldonite,  ecdemite,  beudantite,'  svanbergite, 
hinsdalite,  descloizite,  cuprodescloizite,  brackebuschite,  and  psittaci- 
nite.  Bindheimite  is  a  lead  antimonate,  formed  by  oxidation  from 
sulphosalts  of  lead.  Nadorite,  PbdSbOj,  and  ochrohte,  PbgClaSbjOy, 
are  perhaps  of  similar  origin.  All  of  these  species  are  rare  minerals 
and  need  not  be  considered  further.  The  same  may  be  said  of  the 
lead-bearing  sihcates,  barysihte,  ganomalite,  hyalotekite,  kehtrolite, 
melanotekite,  nasonite,  roeblingite,  and  molybdophyllite.  The 
roeblingite,  however,  from  the  zinc  mines  at  Franklin,  New  Jersey, 
is  unique  in  containing  a  sulphite  molecule  combined  with  the  siUcate. 
An  artificial  lead  siUcate  from  furnace  slag  has  been  described  by 
E.  S.  Dana  and  S.  L.  Penfield,*  and  also  by  H.  A.  Wheeler.* 

The  common  association  of  lead  ores  with  those  of  zinc  was  pointed 
out  in  the  preceding  section  of  this  chapter.  Blende  and  galena  are 
both  formed  from  solutions,  but  not  always  in  the  same  manner.  By 
differences  in  the  solubility  of  their  oxidation  products  the  two 
metals  are  often  separated  from  each  other,  for  lead  sulphate  is 
slightly  soluble,  while  zinc  sulphate  is  easily  so.  Zinc,  therefore, 
disappears  from  the  upper  portions  of  ore  bodies  much  more  rapidly 
than  lead,  and,  for  the  same  reason,  so  does  copper.  The  lead  ores 
of  Eureka,  Nevada,  are  regarded  by  J.  S.  Curtis  •  as  the  product  of 
soKataric  action;  those  of  Leadville,  Colorado,  according  to  S.  F. 
Enmions,^  were  deposited  from  descending  solutions,  which  had  gath- 
ered their  metallic  burden  from  neighboring  eruptive  rocks.  In  both 
cases  the  ore  bodies  are  interpreted  as  replacements  in  country  rock. 

»  Compt.  Rend.,  vol.  77, 1873,  p.  896. 

s  Annates  chim.  phys.,  3d  ser.,  vol.  61,  1861,  p.  443.  Recent  syntheses  of  pyromorphite,  mimetite,  and 
vanadinite  are  by  J.  R.  Mourelo,  Rev.  gdn.  sd.,  vol.  26, 1915,  p.  394;  of  mimetite  by  C.  C.  McDonnell  and 
CM.  Smith,  Am.  Jour.  Sci.,4th8er.,  vol.42, 1916,  p.  139.  These  syntheses  do  notseemto  parallel  natural 
occurrences. 

*  Phosphate,  arsenate,  and  sulphate  of  lead.  Svanbergite,  hinsdalite,  and  the  sulphate,  beaverite,  are 
allied  to  beudantite. 

*  Am.  Jour.  Sci.,  3d  ser.,  vol.  30, 1885,  p.  138. 
ft  Idem,  vol.  32, 1886,  p.  272. 

*  Mon.  U.  S.  Oeol.  Survey,  vol.  7, 1884,  chapters  7, 8.     - 
» Idem,  vol.  12, 1880,  p.  378. 
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TIN.» 

Tin  is  one  of  the  rarer  metals  and  its  ores  are  not  numerous. 
Native  tin  is  occasionally  found,  but  never  in  more  than  trifling  quan- 
tities and  in  small  grains.'  The  ore  of  chief  importance  is  the 
dioxide,  cassiterite,  SnO„  but  several  sulphosalte  are  also  known. 
,They  are 

Stannite Cu^eSnS^. 

TeAllite^ PbSnSji. 

<'ylindrite PbjFeSn^SbjSu. 

Franckeite PbaFeSn^Sb^^. 

There  is  also  a  very  rare  borate  of  calciimi  and  tin,  nordenskidld- 
ine,^  CaSnB,Oc,  which  is  interesting  because  it  directly  Qpnnects  tin 
with  boron.  The  same  is  true  of  hulsite  and  paigeite,  two  iron-tin 
borates  found  in  Alaska.^  Other  minerals,  especially  those  of  the 
rare  earths,  sometimes  contain  small  amoimts  of  tin  as  an  impurity, 
and  the* metal  has  also  been  foimd  in  zinc  blende.® 

Cassiterite  has  been  repeatedly  observed  as  a  fiunace  product 
formed  by  the  direct  oxidation  of  tin.  Recent  occurrences  of  this 
kind  are  recorded  by  A.  Arzruni '  and  J.  II.  L.  Vogt,*  and  L.  Bour- 
geois '  has  identified  the  mineral  in  scoria  from  a  bronze  foundry. 
The  first  synthesis  of  cassiterite  was  performed  by  A.  Daubr6e  ^  when 
the  vapor  of  stannic  chloride  was  mixed  >\nith  steam  in  a  red-hot 
porcelain  tube.  Later  the  same  chemist  ^^  prepared  the  mineral  by 
passing  the  vapor  of  stannic  chloride  over  heated  lime.  The  crystal- 
lized oxide  was  ootained  by  H.  Sainte-Claire  Deville  and  H.  Caron" 
when  stannic  fluoride  and  boric  oxide  were  heated  together  to  white- 
ness. H.  Sainte-Claire  Deville  ^'  also  obtained  it  by  heating  the 
amorphous  oxide  in  a  slow  current  of  hydroi^hloric  acid  gas  and 

»  For  a  paper  on  the  occunrence  and  distribution  of  tin,  ^Ith  a  bibHograiAy,  see  F.  1..  HesBand  L.  C. 
Oraton.  Bull.  V.  S.  Qeol.  Survey  No.  260, 1904,  p.  160.  A  smzAnary  of  tin  locatttks  is  also  sivm  by  W.  P. 
Blake,  in  Mineral  Resources  U.  S.  for  188^84,  U.  S.  Geol.  Survey.  IR'^S,  pp.  592  et  seq. 

«  A  recent  discovery  of  native  tin  is  noted  by  E.  9.  Simpson  in  Ann .  Rept.  Geol.  Swvey  West  Austratta, 
1899,  p.  52. 

>  See  G.  T.  Trior,  Mineralog.  Mag.,  vol.  14,  1904,  p.  21,  on  the  composition  of  teallite,  cylindrite,  and 
franckeite.  See  also  A.  Stclzncr,  Neuos  Jahrb.,  Band  2,  1899,  p.  114,  and  A.  Prentel,  idem,  p.  125.  On 
stannite  and  its  alteration  products  from  the  Black  Hills.  s<>e  W.  P.  Headden,  Am.  Jour.  Set.  3d  ser., 
vol.  45, 1893,  p.  105. 

•  Descril3ed  by  W.  C.  BrSgger,  Zcitschr.  Kryst.  Miii.,  vol.  1<),  1809,  p.  61. 

»  See  A.  Knopf  and  W.  T.  Schaller,  Am.  Jour.  Sei.,  4tb  .'>cc.,  vol.  25, 1908,  p.  ."^23.  AIm  Sohaller,  idem, 
vol.  29,  1910,  p.  543. 

•  See  A.  Stekner  and  A.  Sdiertel,  Jahrb.  Bcsrg-  u.  llUttcnw.  Konig.  Sadbten,  1H86,  p.  52,  on  tin  in  black 
blende  from  Freiberg.  It  has  also  been  found  in  the  zinc  ores  of  the  Slocan  district,  Britfah  Ctdombia. 
See  Rept.  Comm.  on  Zinc  Resources,  etc,  of  British  Columbia,  Mines  Branch,  Dept.  Inteclor,  Ottawa, 
1906,  p.  15. 

'  Zoitschr.  Kryst.  Min.,  vol.  25,  189fi,  p.  4(7. 

•  Idem,  vol.  31, 1899,  p.  279. 

»  Bull.  Soc.  inin.,  vol.  11,  1888,  p.  58. 
»«  Corapt.  Rend.,  vol.  29,  1849,  p.  227. 
»  Idem,  vol.  39,  1854,  p.  135. 
"  Idem,  vol.  4(>,  1858,  p.  764.     Details  not  giTOX 
"  Idem,  vol.  53,  1861,  p.  101. 
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again  by  a  repetition  of  Daubr6e's  first  process.  A.  Ditte  ^  noticed 
the  formation  of  crystalline  stannic  oxide  when  the  amorphous  com- 
poimd,  mixed  with  calciimi  chloride  and  ammonixmi  chloride,  was 
subjected  to  a  white  heat. 

According  to  C.  Doelter,'  cassiterite  is  perceptibly  soluble  in  water 
at  80^,  and  more  so  in  presence  of  sodixmi  fluoride.  Some  recrystal- 
lization  from  the  solution  was  observed.  This  solubility  is  also 
indicated  by  several  natural  occurrences  of  tin.  S.  Meunier '  found 
0.5  per  cent  of  SnO,  in  an  opaline  deposit,  resembling  geyserite,  from 
a  thermal  spring  in  Selangor.  J.  H.  Collins  ^  reports  tinstone  as  a 
cement  in  certain  Cornish  conglomerates,  as  an  impregnation  in  long- 
buried  horns  of  deer,  as  pseudomorphs  after  feldspar,^  and  as  cap- 
pings  on  crystals  of  quartz.  He  also  notes  that  cassiterite  crystals 
often  line  fissiu'es  in  quartz,  the  latter  containing  numerous  fluid 
inclusions.  An  incrustation  resembling  ''wood  tin''  was  foxmd  by 
Collins  on  an  ingot  of  ancient  tin,  having  been  formed  by  slow  oxi- 
dation of  the  metal.  Furthermore,  Collins  reports  secondary  crystal- 
lizations of  cassiterite  on  reniform  masses  of  ''wood  tin,"  and  all  of 
this  evidence  he  r^ards  as  proof  that  the  Cornish  ores  are  of  aqueous 
origin.  Pseudomorphs  of  cassiterite  after  hematite  were  found  by 
F.  A.  Genth  ^  in  tin  ores  from  Durango,  Mexico,  and  he  also  cites 
an  observation  by  W.  Semmons,  who  described  specimens  of  bis* 
muthinite  coated  with  concentric  layers  of  tinstone.  It  is  possible 
in  some  of  these  cases  that  the  tin-bearing  solutions  may  have  been 
derived  from  the  oxidation  of  stannite,  but  this  point  seems  to  have 
received  little  or  no  consideration.  Stalactitic  cassiterite,  from  the 
Sierra  de  Guanajuato,  Mexico,  has  been  described  by  E.  Wittich.^ 

Cassiterite  has  been  noted  as  an  original  constituent  of  igneous 
rocks,*  but  it  more  conmionly  occurs  in  veins  or  stringers  of  quartz 
imder  conditions  which  indicate  a  secondary  depositio^.  As  a  rule, 
tin-bearing  veins  are  f  oimd  in  or  near  persilicic  rocks,  such  as  p^ma- 
tites  and  altered  granites.  Sometimes  the  association  is  with  quartz 
porphyry,  as  at  Moimt  Bischoff ,  in  Tasmania,*  and  at  certain  Mexican 
mines;  but  at  other  localities  of  tin  in  Mexico  the  prevailing  rock  is 

» Compt.  Rend.,  vol.  96,  1883,  p.  701. 

*  liin.  pet.  Mitt.,  vol.  11,  1890,  p.  325. 
s  Compt.  Rend.,  vol.  110, 1890,  p.  1083. 

*  Mineralog.  Mag.,  vol.  4, 1880,  pp.  1, 103,  and  vol.  5, 1883,  p.  121. 

*  According  to  C.  Reid  and  J.  B.  Scrivenor  (Mem.  Oeol.  Survey  Eng.  and  Wales,  Oeoloigy  of  country 
near  Newquay,  1906,  p.  39),  the  so-called  pseudomorphs  are  replacement  of  orthodase  by  an  aggregate  of 
ca«lterite,  muscovite,  and  quarts.  On  the  genesis  of  the  Cornish  ores,  see  also  J.  B.  Hill  and  D.  A.  Mao- 
Alister,  Idiem,  Geology  of  Falmouth,  Truro,  etc.,  p.  1G7. 

*  Proc.  Am.  Philos.  Soc.,  vol.  24, 1887,  p.  23.  L.  V.  Pirsson  (Am.  Jour.  Sd.,  3d  ser.,  vol.  42, 1881,  p.  407) 
has  described  crystals  of  hematite  inclodng  cassiterite,  from  the  same  locality. 

'  Zeitschr.  prakt.  (leologle,  1910,  p.  121. 

*  See  ante,  p.  348,  in  chapter  on  rock-forming  minerals. 

*  On  Tasmanian  tin  deposits  see  L.  K.  Ward,  Bull.  Geol.  Survey  Tasmania,  No.  6»  1909.  Earlier  separate 
papers  by  0.  *A.  Waller  and  W.  H.  Twelvetrees  were  issued  by  the  same  office.  On  the  Mount  Bischoff 
mines,  see  W.  von  Fircks,  Zeitschr.  Deutsch.  geol.  (Seaeli.,  voL  61,  p.  431. 
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rhyolite  or  rhyolite  txifT.  In  these  instances,  as  at  the  Potrillos  mine, 
in  Dnrango,  the  ore  is  found  along  fault  planes  in  the  rhyohte.^ 
The  Cacaria  mine,  also  in  Durango,  is  in  quartz  porphyry.  In  the 
Malay  Peninsula,  according  to  R.  A.  F.  Penrose,'  the  prevalent 
stanniferous  rocks  are  granite,  or  detrital  matter  derived  from 
granite;  but  at  Chongkat  Pari,  in  Perak,  cassiterite  is  extracted 
from  limestone,  and  at  Bruseh,  Perak,  it  is  found  in  seams  in  sand- 
stone. These  abnormal  occurrences  are  perhaps  due,  as  Penrose 
suggests,  to  infiltration  of  tin-bearing  solutions — ^a  supposition 
which  becomes  probable  in  the  light  of  evidence  already  cited.  In 
Lander  County,  Nevada,  according  to  A.  Knopf,*  wood  tin  occurs  in 
thin  veins  in  rhyolite,  associated  with  opal  and  tridymite.  This 
association  suggests  a  deposition  from  hot  solutions. 

The  typical  mode  of  occurrence  of  tin  ores  is  in  quartz  veins  cut- 
ting granite,  the  walls  of  the  latter  rock  being  altered  into  greisen. 
Greisen  is  essentially  a  granite  in  which  the  feldspars  have  been 
transformed  into  mica  and  of  which  topaz  and  tourmaline  are  fre- 
quent constituents.  The  mica  is  often,  but  not  invariably,  lithia 
bearing,  either  ordinary  lepidolite  or  zinnwaldite.  Bismuth  or^, 
wolfram,  and  arsenopyrite  are  conmion  associates  of  the  tinstone. 

These  mineralogical  data,  the  usual  presence  in  stanniferous  veins 
of  species  containing  fluorine  and  boron,  and  also  the  alteration  of  the 
gianite  wails,  have  led  to  the  very  general  belief  that  tin  deposits  of 
the  ordinary  type  have  been  formed  by  the  injection  of  vapors  carry- 
ing the  two  elements  above  named  and  also  the  tin.  This  belief  is 
strengthened  by  the  various  syntheses  of  cassiterite,  in  which  boric 
oxide  and  chloride  or  fluoride  of  tin  have  taken  part.  The  signifi- 
cance of  the  very  rare  mineral  nordenskioldine,  with  its  tin  and  boron 
together,  here  becomes  apparent,  although  the  species  has  not  been 
found  in  any  vein  or  deposit  of  the  usual  stanniferous  type,  but  only 
in  a  dike  of  elapolite  syenite.  Ordinarily  the  two  elements  are  sepsr 
rated,  the  boron  going  to  the  tourmaline  molecules  and  the  tin  to 
form  cassiterite.  Fluorine  is  represented  by  topaz,  fluorite,  or  apa- 
tite, and  sometimes  by  the  lithia-bearing  phosphates  triphylite  and 
amblygonite/     In  some  localities  formerly  worked  for  tin  the  lithia 

*  See  C.  W.  Kempton,  Tram-.  Am.  Inst.  Min.  Eng.,  vol.  25. 18%,  p.  997,  and  W.  R.  Ingalh,  fdcan,  p.  Ii7. 
On  the  Sain  Alto  mines,  Zacii^eoas,  see  E.  Halr»e,  4dom,  vol.  20,  HWO,  p.  .t02.  and  J.  N.  Nevlns,  Eng.  and  Mln. 
Jom-.,  vol.  75,  1903,  p.  020.  ThL<«  loculity  is  also  rhyoUtic.  On  the  tin  deposits  of  Ooaimjuato,  see  A.  H. 
Bromly,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  80,  1906,  p.  227. 

«  Jour.  Geology,  vol.  11,  1903,  p.  136.  On  the  ores  of  Ranca  and  BilUton,  see  R.  Beck,  Zeitsdir.  prakt. 
Geologic,  1898,  p.  121.  W.  R.  Rumbold  (Bull.  Am.  Inst.  Min.  Eng.,  September,  1906)  had  dewrihed 
the  tin  deposits  of  the  Kinta  Valley,  Malay  States.  Ue  mentions  deposits  in  limestone.  On  topaz  and  tin 
ores  in  Malaya  see  W.  R.  Jones,  Gool.  Mag.,  1916,  p.  255. 

3  EooQ.  Geology,  vol.  11, 1916,  p.  652. 

*  For  discusaioas  on  the  genesis  of  cassiterite  veins,  sec  A.  Daubr^,  Etudes  synth^tlques  de  gtelogie 
expMmentale,  pp.  28-71;  J.  H.  L.  Vogt,  Zeit^hr.  prakt.  Geologfe,  18?^,  p.  145,  and  Trans.  Am.  "tost.  Min. 
Eng.,  vol.  31, 1901,  p.  125;  and  W.  Lindgren,  idem,  vol.  30, 1900,  p.  .'>78.  See  also  F.  Gatttier,,  Actes  Sor.  >«. 
Chill,  vol.  5,  189.5,  p.  92.  R.  Recknagel  (Trans.  Geol.  Soc.  South  Afrit-a,  vol.  12, 1910,  p.  138)  attrfhtitcs  the 
South  African  tin  deposits  to  magma  tic  differentiation,  and  in  part  to  concentration  by  lateral  serration. 
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minerals,  especially  amblygonite  and  lepidolite,  are  now  the  species 
of  chief  commercial  value. 

American  deposits  of  tin,  more  or  less  resembling  those  of  Cornwall 
and  Saxony,  are  found  in  the  York  region,  Alaska;  in  Rockbridge 
Coimty,  Virginia,  and  near  El  Paso,  Texas.  The  Alaskan  field  has 
been  well  studied  by  A.  J.  Collier  ^  and  A.  Enopf ,'  who  describe  both 
lodes  and  placers.  The  typical  cassiterite  is  disseminated  in  more  or 
less  altered  granitic  dikes,  essentially  greisen,  consisting  of  quartz, 
zinnwaldite,  calcite,  and  fluorspar.  In  one  case  the  ore  is  intimately 
associated  with  tourmaline,  and  other  borates  and  borosilicates, 
including  the  rare  minerals  hulsite  and  paigeite,  are  also  found.  It 
dso  occurs  in  veins  which  cut  through  metamorphic  slates — a 
rather  unusual  development.  At  the  Cash  mine,  in  Virginia,  accord- 
ing to  L.  C.  Graton,'  the  ore  is  in  quartz  veins  in  granite,  the  walls 
of  the  veins  being  converted  into  greisen.  W.  H.  Weed  *  and  G.  B. 
Richardson  ^  have  studied  the  tin  deposits  of  the  Franklin  Mountains 
near  El  Paso,  where  the  ore  is  f oimd  in  quartz  under  conditions  which 
Weed  thinks  resemble  those  of  Cornwall.  The  Temescal  deposit,  in 
southern  California,  as  described  by  H.  W.  Fairbanks,'  may  also  be- 
long to  the  class.  The  vein  material  consists  almost  wholly  of  tour- 
maline and  quartz,  formed  by  gradual  replacement  of  the  granite  walls. 

Another  mode  in  which  cassiterite  occurs  is  as  an  original  con- 
stituent in  pegmatite.  It  is  thus  foxmd,  although  scantily,  in  the 
famous  localities  in  Maine  for  lithia  tourmalines  and  lepidolite. 
The  workable  cassiterite  of  the  Carolina  tin  belt,  according  to  L.  C. 
Graton,^  is  also  in  pegmatite,  none  being  foxmd  in  the  wall  rock. 
Here  again  lithia  minerals  are  foimd,  namely,  Uthiophilite  and 
spodmnene.  The  tin  ores  of  the  Black  Hills,  in  South  Dakota,  seem 
to  belong  under  this  heading,  and  the  £tta  mine  especially  is  noted 
for  its  enormous  crystals  of  spodumene  and  columbite.  In  this 
locality  crystalline  faces  of  spodumene  are  exposed  which  are  from 
30  to  40  feet  long;  and  in  the  IngersoU  claim  a  single  mass  of  colum- 
bite is  said  to  have  weighed  more  than  2,000  pounds.'    ^Cassiterite 

1  Bull.  U.  8.  Oeol.  Survey  No.  229, 1904;  and  also  in  BiUl.  No.  226, 1908,  p.  154;  Bull.  No.  259, 1905,  p.  120; 
and  Eng.  and  Min.  Jour.,  vol.  76, 1903,  p.  999. 

s  Bull.  U.  8.  Geol.  Survey  No.  345,  1906,  p.  251;  No.  358,  1908,  and  Econ.  Geology,  vol.  4,  1909,  p.  214. 
See  also  A.  H.  Brooks,  Mineral  Resources  U.  8.  for  1900,  U.  B.  Geol.  Survey,  1901,  p.  267,  and  Bull.  No.  213, 
1902,  p.  92;  and  E.  Rlokard,  Eng.  and  Min.  Jour.,  vol.  75, 1908,  p.  30. 

*  Bull.  U.  8.  Oeol.  Survey  No.  293, 1906,  p.  44.  See  also  T.  Ulke,  Mineral  Resources  U.  S.  for  1803,  U.  S. 
Geol.  Survey,  1894,  p.  178,  and  H.  G.  Ferguson,  Bull.  Virginia  Geol.  Survey  No.  15A,  1918. 

*  Bull.  U.  8.  Oeol.  Survey  No.  178, 1901,  and  also  in  BuU.  No.  213, 1902,  p.  170. 
»  Bull.  U.  8.  Geol.  Survey  No.  285, 1905,  p.  146. 

*  Am.  Jour.  Sd.,  4th  ser.,  vol.  4, 1897,  p.  39. 

T  Bull.  U.  8.  Geol.  Survey  No.  293,  1906^  and  also  in  Bull.  No.  260,  1904,  p.  188.  Other  papers  on  the 
Carolina  belt  are  by  J.  H.  Pratt,  Mineral  Resources  U.  8.  for  1903,  U.  8.  Oeol.  Survey,  1901,  p.  337,  and 
Pratt  and  D.  B.  Sterrett,  Bull.  North  Carolina  Geol.  Survey  No.  19, 1904. 

>  See  W.  P.  Blake,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  13, 1885,  p.  691.  On  the  Black  Hills  mines,  see  also 
E.  W.  Clayi)ole,  Am.  Geologist,  vol.  9, 1892,  p.  228,  and  J.  D.  Irvmg,  Prof.  Paper  U.  S.  CJeol.  Survey  No.  20, 
1904,  p.  95. 
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in   pegmatite,   accompanied   by   corundum,   is   reported   by   P.  F. 
Molengraaf  *  from  Swazieland,  South  Africa. 

The  tin  ores  of  Bolivia  represent  still  another  class  of  associations. 
Cassiterite  in  masses  resembling  hematite,  and  the  four  sulphosalts 
of  tin,  are  here  found  in  veins  carrying  ores  of  silver,  lead,  and 
bismuth*  in  rocks  of  recent  volcanic  origin.  According  to  A.  W. 
Stelzner '  the  rock  is  commonly  dacite  or  tradiy te ;  but  at  Potosi, 
as  described  by  A«  F.  Wendt,*  the  matrix  is  rhyolite.  The  vein 
matter  is  quartz,  with  carbonates  and  barite.  In  these  deposits  we 
evidently  have  a  transition  between  the  ordinary  tin-bearing  vein 
and  the  type  of  vein  characterized  by  silver-lead  ores.  W.  R.  Rum- 
bold/  who  has  studied  the  Bolivian  deposits,  regards  them  as  of 
pneumatolytic  origin. 

ARSENIC,   ANTIMONY,   AND  BISMUTH. 

Arsenic,  antimony,  and  bismuth  are  three  closely  related  elements. 
Arsenic,  from  a  purely  chemical  point  of  view,  is  a  nonmetal;  for, 
despite  its  metallic  appearance,  it  is  an  acid-forming  element,  and 
only  in  exceptional  cases  does  it  play  the  part  of  a  base.  Antimony 
is  more  commonly  acid  than  basic,  but  in  bismuth  the  basic  character 
is  strongly  predominant,  except  in  its  sulphosalts. 

All  three  elements  are  found  native,  and  also  in  many  doselv 
related  compounds.  Among  the  latter  the  sulphosalts  of  silver, 
lead,  copper,  and  tin  have  already  been  mentioned,  and  few  others 
remain  to  be  named.  Berthierite  is  a  sulphantimonite  of  iron, 
FeSb2S4,  and  lorandite  is  a  sulpharsenite  of  thaUium,  TlAsS^.  Here 
are  also  a  number  of  arsenides,  antimonides,  and  bismnthides 
of  silver,  copper,  nickel,  cobalt,  platinum,  etc.,  which  are  beet  con- 
sidered imder  the  several  metals  that  characterize  them.  For 
present  purposes  it  is  enoxigh  to  mention  the  iron  ars^des,  lAUingite, 
FeAs2,  and  leucopyrite,  Fe8As4,  and  also  the  sulpharsenide,  arseno- 
pyrite,  Fe^VsS.  Arsenopyrite  or  mispickel  is  the  most  important 
ore  of  arsenic. 

Native  arsenic,  native  antimony,  and  native  bismuth  are  all  rather 
common  minerals,  and  with  them  the  arsenide  of  antimony,  allemon- 
tite,  SbAs,,  may  be  grouped.  There  are  also  natural  sulphides, 
selenides,  and  teUurides,  as  follows : 


»  See  abstract  In  Zcltsrhr.  prakt.  Ocologie,  1900,  p.  UG. 

«  ZeiUschr.  Deutsch.  geol.  Oesell..  vol.  49,  1897,  p.  51.  Pet»  also  M.  Frochot,  Annales  des  mfnes,  9th  «r., 
vol.  19,  1901,  p.  18f.. 

s  Trans.  Am.  Inst.  Min.  Eng.,  vol.  19, 1890,  p.  90. 

*  Econ.  Geology,  vol.  4,  1909,  p.  821.  See  also  J.  T.  Singewald  and  B.  L.  MOler,  Eng.  and  Mhi.  Jour., 
vol.  102, 1916,  p.  533.    Some  of  these  ores  oontain  germanimn. 
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Realgar ^ AsS. 

Orpiment As^,. 

Stibnite SbjSj. 

Metastibnite SbaSj. 

Birmuthinite 61283. 

Guanajuatite BisSes. 

Tetradymite BijTe,. 

Joseite  * BijTe. 

Wehrlite  » BiaTej. 

Grunlingite .Bi4TeSa. 

Kermesite. , SbjSjO. 

A  sulphide  of  bismuth,  antimony,  copper,  and  iron,  found  in  Tas- 
mania, has  been  named  histrixite.     It  may  be  a  mixture  of  sulphides. 

Several  of  these  minerals  have  been  produced  artificially.  J. 
Durocher  *  prepared  •  stibnite  and  bismuthinite  by  the  action  of 
hydrogen  sulphide  upon  the  volatilized  chlorides  of  antimony  and 
bismuth.  H.  de  Senarmont  •  found  that  when  pulverized  realgar  or 
orpiment  was  heated  to  150^  with  a  solution  of  sodium  bicarbonate 
in  a  sealed  tube  they  dissolved  and  were  later  redeposited  as  crystal- 
lized realgar.  Amorphous  antimony  sulphide,  treated  in  the  same 
way  at  250®,  also  dissolved  and  crystallized  as  stibnite.  The  pre- 
cipitated sulphide  of  bismuth,  similarly  heated  to  200®  with  a  solu- 
tion of  an  alkaline  sulphide,  gave  crystals  of  bismuthinite.  E.  Wein- 
schenk  ^  obtained  orpiment  and  stibnite  by  heating  solutions  of  arsenic 
or  antimony  with  ammonium  sulphocyanate  to  180®  in  a  sealed 
tube.  According  to  A.  Camot,^  stibnite  and  bismuthinite  are  easily 
formed  by  passing  hydrogen  sulphide  at  a  dull  red  heat  over  other 
compounds  of  antimony  or  bismuth.  Realgar,  orpiment,  stibnite, 
and  bismuthinite  are  all  reported  by  Mayen^on  "  as  found  among  the 
sublimation  products  of  a  burning  coal  mine.^ 

C.  Doelter  •  states  that  stibnite  at  80®  is  sUghtly  soluble  in  water, 
and  that  recrystallization  from  the  solution  is  also  perceptible.  The 
same  statement  holds  for  arsenopyrite,  FeAsS.  In  several  localities 
the  deposition  of  arsenical  or  antimonial  sulphides  from  hot  springs 
has  been  observed.  W.  H.  Weed  and  L.  V.  Pirsson  •  report  both 
realgar  and  orpiment  from  a  hot  spring  in  the  Yellowstone  National 
Park,  and  G.  F.  Becker  *®  found  sulphides  of  arsenic  and  antimony 

1  Formula  approximate  only.    Sulphur  or  selenium  partly  replaces  tellurium . 
>  Compt.  Rend.,  vol.  32, 1851,  p.  825. 

*  Annaleschim.  pbys.,  3d  ser.,  vol.  32, 1851.  p.  129. 
«  Zeitschr.  Kryst.  Min.,  vol.  17, 1800,  p.  497. 

•  See  L.  Bourgeois,  Reproduction  artiflcielle  des  min^raux,  pp.  41, 42. 

•  Compt.  Rend.,  vol.  86, 1878,  p.  491;  vol.  92, 1881,  p.  854. 

f  On  the  conditions  governing  the  formation  of  orpiment  and  realgar,  see  W.  Borodowsky,  Sitsongsb. 
Naturf.  Oesell.  Univ.  Dorpat,  vol.  14,  p.  159.    Also  in  Chem.  Abstracts,  vol.  1, 1907,  p.  1106. 
«  Min.  pet.  Mitt.,  vol.  11, 1890,  p.  322. 

*  Am.  Jour.  Sci.,  3d  ser.,  vol.  42, 1891,  p.  401.    At  another  spring  in  the  Park,  Arnold  Hague  (id«m,  roL 
34, 1887,  p.  171)  found  a  deposit  of  scorodite,  an  arsenate  of  iron. 

!•  Mon.  U.  S.  Oeol.  Survey,  voL  13, 1888,  p.  344. 
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in  a  sinter  at  Steamboat  Springs,  Nevada.  In  3,403  grains  of  this 
Binter,  as  analyzed  by  W.  H.  Melville,  were  found  the  following  sub- 
stances : 

Sulj^idtSf  etc.y  found  in  sinter. 

Gfmms. 

Au O.00S4 

Ag 0012 

HgS 0070 

PbS 0720 

(uS 0424 

SbA-l-A«2S, 7S.090S 

FeA 3.5924 

The  antimony  sulphide  was  in  the  amorphous,  orange-<x>lored  foim, 
to  wliich  Becker  gave  the  name  of  metastibnite.  Crystals  of  ordinary 
stibnite  have  since  been  discovered  by  W.  lindgrea  ^  in  the  same 
sinter,  apparently  of  quite  recent  formation.  The  locality,  it  must 
be  observed,  is  one  which  yields  mercury,  and  G.  F.  Becker'  hm 
reported  stibnite  from  several  quicksilver  mines  in  Califoniia.  A 
similar  association  of  stibnite  and  cinnabar  is  found  at  Monte  Amiata 
in  Tuscany;  ^  and  at  Huitzuco,  Mexico,  stibnite  occurs  with  living- 
stonite,  kermesite,  barcenite,  and  some  cinnabar  in  a  matrix  of  gyp- 
sum/ Cinnabar  has  also  been  noted  in  the  antimony  mines  of  Cor- 
sica.^ According  to  Coquand,"  the  antimony  ores  at  Pereta,  Tuscany, 
are  of  solfataric  origin.  This  mode  of  deposition,  which  genetically 
connects  antimony  and  mercury,  may  be  ascribed  to  the  fact  that 
both  metals  form  easily  volatile  compounds.  The  same  [M^perty  is 
shared  by  arsenic,  but  deposits  of  other  than  solfataric  nature  are 
known.  At  least  there  are  deposits  in  which  no  indication  of  sol- 
fataric action  can  now  be  discerned.  The  sulphides  of  ars^iic  and 
antimony  are  easily  soluble  in  alkaline  solutions,  and  in  that  way 
may  be  transported  to  points  far  distant  from  their  ordinal  ore 
bodies.     The  sulphide  of  bismuth  is  much  less  soluble. 

Stibnite  is  the  most  important  ore  of  antimony.  Its  deposiuon 
from  solution  is  in  most  cases  evident,  and  its  alkaline  aerations, 
which  also  dissolve  silica,  seem  to  have  formed  the  typical  occurrences, 
in  which  stibnite  is  intimately  associated  with  quarts.  It  is  so  found 
in  the  mines  of  Sevier  County,  Arkansas; '  in  Mexico  and  in  Corsica, 
where  the  ore  bodies  occur  in  sericitic  schists.  At  Kostainik,  in 
Serbia,  accord hig  to  R.  Beck  and  W.  von  Fircks,*  the  stflbnite  is 
found  in  trachyte,  in  graywacke,  and  also  as  a  replacement  in  lime- 

'  Trans.  Am.  Inst.  Min.  Eng.,  vol.  36, 1906,  p.  27. 

2  Op.  cit.,  p.  389. 

s  B.  Lotti,  Zeitschr.  prakt.  Qeologie,  1901,  p.  43. 

*  J.  O.  Aguilen,  Trans.  Am.  Inst.  MUn.  Eng.,  vol.  S2, 1902,  p.  307. 

*  Nentien,  Annales  des  mines,  9th  sex.,  vol.  12, 1897,  p.  251. 
«  Bull.  8oc.  gfel.  France,  2d  ser.,  vol.  6, 1848-49,  p.  91. 

»See  C.  E.  Wait,  Trans.  Am.  ln.st.  Min.  Eng.^  vol.  8. 1879,  p.  42;  J.  C.  Bnnner,  Ann.  Bcpt. 
Oeol.  Survey,  1888,  vol.  1,  p.  136;  and  O.  H.  Ashley,  Proc.  Am.  PWlos.  8oc.,  vol.  36, 1W7,  p.  906. 
« Zeitschr.  prakt.  Geologie,  1900,  p.  33. 
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stone.  Arsenopyrite  also  occurs  most  commonly  with  quartz, 
ofteneet  in  metamorphic  schists  and  sometimes  *  in  serpentine.^ 
When  either  arsenic,  antimony,  or  bismuth  is  f oimd  in  a  metallifei'oua 
vein,  associated  with  silver,  copper,  or  lead,  it  is  usually  combined 
with  those  metals  in  the  form  of  sulphosalts. 

By  oxidation  of  the  sulphides  a  large  nmnber  of  secondary  min- 
erals can  be  formed.     First  of  all  are  the  oxides,  as  follows: 

Areenolite ' AsjOa,  isometric. 

Claudetite ' A83O3,  monoclinic. 

Senarmoatite SbjOs,  isometric. 

Valentinite Sb203,  orthorhombic. 

Cervantite Sb204. 

Bismite,  or  bismuth  ocher' Bi^Oa-SHjO. 

Stibiconite HjSb^Og. 

Bismuth  also  forms  two  basic  carbonates,  bismutite  and  bismuto- 
sphserite,  and  a  rare  oxychloride,  daubr^eite.  The  oxides  of  anti- 
mony form  important  ore  bodies  at  Altar,  Sonora,  Mexico,^  and  in 
Neocomian  limestone  at  Mount  Hamimat,  Province  of  Constantine, 
Algeria.* 

From  oxidation  of  the  sulphosalts  a  large  number  of  arsenates, 
antimonates,  and  various  compounds  of  bismuth  have  been  derived. 
Some,  of  these  were  mentioned  in  the  preceding  sections  of  this 
chapter;  others  are  salts  of  calcium,  magnesium,  iron,  or  manganese. 
For  example,  pharmacolite  is  an  arsenate  of  lime,  pharmacosiderite 
an  arsenate  of  iron,  and  sarkinite  an  arsenate  of  manganese.  Atopite, 
schneebergite,  and  romeite  are  antimonates  of  lime.  Some  of  these 
compounds,  and  there  are  many  others,  may  have  been  formed  by 
the  action  of  percolating  arsenical  or  antimonial  solutions  upon 
carbonates  of  lime,  magnesia,  manganese,  or  iron,  or  upon  hydroxides 
of  the  two  metals  last  named.  There  are  also  arsenates  of  bismuth, 
and  a  tellurate,  a  vanadate,  a  molybdate,  and  a  silicate  of  the  same 
base.  The  strange  mineral  longbanite  is  an  antimonio-silicate  of 
manganese  and  iron;  derbylite  and  lewisite  are  antimonio-titanates 
of  iron  and  lime,  respectively;  and  mauzeliite  is  a  similar  salt  of 
calcium  and  lead.  Derbylite,  lewisite,  and  tripuhyite,  Fe2Sb207,  are 
found  in  the  cinnabar-bearing  gravels  of  Tripuhy,  Brazil."  They 
were  derived  from  mica  schists,  but  their  association  with  cinnabar 
is  suggestive. 

I  On  the  arsenic  mines  of  Hastings  County.  Ontario,  see  J.  W.  Wells,  Rept.  Bur.  Mines,  Ontario,  1902, 
p.  101.  J.  L.  Cowan  (Eng.  and  Min.  Jour.,  vol.  7h,  1904,  p.  105)  has  described  an  arsenic  mine  at  Brinton, 
Virginia.  For  the  antimony  mines  of  Nova  Scotia  see  W.  R.  Askwith,  Canadian  Min.  Rev.,  vol.  20, 1901, 
p.  173. 

*  The  true  molecular  weight,  as  shown  by  the  vapor  density,  is  mure  probably  represented  by  the  for- 
mula As^Of.    A  similar  doubling  may  be  proper  for  the  other  oxides  and  sulphides  of  this  group. 

*  On  the  composition  of  bismuth  ocher  aee  W.  T.  Schaller,  Jour.  Am.  Chem.  Soc.,  vol.  33, 1911,  p.  162. 

*  E.  T.  Cox,  Am.  Jour.  Sci.,  3d  ser.,  voL  20, 1880,  p.  421. 

»  Coqaand,  Bull.  Soc.  gfiol  France,  2d  ser.,  vol.  9, 1851-52,  p.  342. 

«  See  E.  Hussak  and  O.  T.  Prior,  Minaralof.  Mag.,  vol.  11, 1895,  pp.  80, 176, 302. 
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NICKEIi  AND  COBALT.' 

Among  the  minor  constituents  of  igneous  rocks,  nickel  is  one  of 
the  commonest.  Cobalt  is  also  widely  diffused,  but  in  much  smaller 
proportions.'  In  262  analyses  of  igneous  rocks  made  in  the  labora- 
tory of  the  United  States  Geological  Survey  an  average  of  0.0274 
per  cent  of  nickel  oxide  was  found.  Had  it  been  sought  for  in  all 
cases,  this  figure  might  have  been  slightly  reduced,  but  perhaps  not 
materially. 

Nickel  and  cobalt  are  characteristic  elements  in  meteoric  irons 
and  also  in  terrestrial  irons  of  similar  character.  Indeed,  some  of 
the  "irons"  of  which  analyses  are  given  in  another  chapter  of  this 
book  ^  are  more  truly  described  as  native  nickel,  that  being  the 
metal  which  predominates  in  them.  Awaruite  and  josephinite  are 
nickel  irons  of  this  kind,  in  which  the  percentage  of  nickel  reaches 
60  or  even  more. 

The  ores  of  these  metals  fall  into  three  principal  classes,  namely, 
sulphides  or  arsenides,  oxides,  and  silicates.  In  the  first  case  the 
chief  minerals  are  as  follows: 


MUlerite NiS. 

Beyrichite Ni,S4. 

Polydymite  * Ni^S.. 

Niccolite NiAs. 

Chloanthite NiAs,. 

Rammelsbergite NiAsj. 


Jaipurite CoS. 

Linnspite. Co^4. 


Smaltite CoA%. 

SaflBorite CoAa,. 

Skutterudite  * OoAs,. 

Geredorffite NiAsS.         Cobaltite CoAsS. 

Pentlandite« (Fe,Ni)S.     

Carrollite CojCuS^. 

Two  other  arsenides  of  nickel  have  recently  been  described,' 
raaucherite  and  temiskamite.  A  careful  study  of  the  two  by  Chase 
Palmer,  however,  has  shown  that  they  are  identical,  and  that  the 
true  formula  is  Ni^Asg. 

With  these  minerals  we  may  include  the  nickel  telluride,  melonite, 
and  the  antimonide,  breithauptite,  NiSb.  Ullmannite  is  a  sulphide 
of  antimony  and  nickel,  NiSbS.*    Corynite  and  wolfachite  are  mix- 

t  For  a  general  paper  upon  nickel  and  its  occurrences  see  P.  Argall,  Proc.  Colorado  Sci.  Soc.,  voL  4, 1893, 
p.  395.  A  note  by  A.  G.  Charlton  follows  (p.  420)  on  Colorado  nickel  ores.  On  nickel  in  the  M%iMfr»l«i 
copper  shales  see  Baeumler,Zeit8Chr.  Deutsch.  geol.  Gesell..vol.9, 1857,  p.  25.  On  cobalt  ores  at  Schweina, 
Thuringia,  see  F.  Beyschlag,  Zeitschr.  prakt.  Oeologie,  1898.  p.  1.  On  cobalt  in  Mexico,  G.  de  J.  Caballero, 
Mem.  Soc.  dent.  Ant.  Alxate,  vol.  18, 1902,  p.  197.  O.  Stutzer  (Zeitschr.  prakt.  Oeologie,  1906,  p.  2M)  has 
d^cribed  tourmaline-bearing  cobalt  veins  at  San  Juan.  A  taoama,  Chile.  The  ore  is  cobaltite.  An  impor- 
tant volume  is  the  Report  of  the  Royal  Ontario  Nickel  Commission,  Toronto,  1917. 

s  On  the  wide  diffusion  of  cobalt  and  nickel  in  nature  see  K.  Kraut.  Zeitschr.  angew.  Chemie,  1906,  p.  1791 

s  See  ante,  p.  326. 

4  The  Sudbury  polydjrmite  is  very  nearly  NijFeSft. 

» There  is  also  a  variety  containing  much  nickel  replacing  cobalt.  Bismutosmaltite,  Co(AaBt)i,  is  a 
related  mineral. 

•  .Vnother  nickel-iron  sulphide  has  been  called  gunnarite.  Us  formula  is  near  FetNisSt.  Stfil  aBoClier, 
akin  to  pentlandite,  is  the  incompletely  described  heaalewoodite. 

'  On  maucherite,  see  F.  Griinling,  Centralbl.  Min.,  Geol.  u.  Pal.,  1913,  p.  225.    On  twntekimtK,  T.  L. 
Walker,  Am.  Jour.  Sd.,  4th  ser.,  vol.  37,  1914,  p.  170.    Palmer's  work  is  in  Econ.  Otology,  vol.  9^  1914, 
p,d64, 
'A  similMT  sulphide,  with  blsmutb  parUy  tep\8«&n«  «a\am«D?;  ^^^aaXMoananiAd  kaUUlte. 


METALLIC   ORES.  699 

tures  of  a  salt  of  the  last  type  with  the  corresponding  salt  NiAsS. 
Glaucodot  is  sulpharsenide  of  cobalt  and  iron,  and  alloclasite  is  sim- 
ilar, but  with  bismuth  partly  replacing  arsenic.  Another  mineral  of 
the  formtda  NiCoS,Sba  has  been  named  willyamite. 

Arsenides  and  antim<mides  of  nickel  are  known  as  accidental  fur- 
nace products.*  The  crystalline  sulphides  of  cobalt  and  nickel  have 
also  been  repeatedly  prepared  artificially.  H.  deSenarmcmt'  heated 
solutions  of  potassium  sulphide  with  nickel  or  cobalt  chloride  to  tem- 
peratures between  160^  and  180^  in  a  sealed  tube,  and  obtained  the 
compounds  NiS,  Ni,S4,  and  €0384,  corresponding  to  the  natural  min- 
erals. C.  Geitner*  also  produced  crystals  of  Ni3S4  by  heating  metal- 
lic nickel  with  sulphurous  acid  or  a  solution  of  nickel  sulphite  und^ 
pressure  to  200*^.  E.  Weinschenk^  heated  soluticms  of  cobalt  or 
nickel  salts  with  ammonium  sulphocyanate  to  180^  in  a  sealed  tube 
and  so  produced  crystalline  NiS  or  CoS,  respectively.  T.  Hidrtdahl^ 
also  produced  jaipurite  by  fusing  cobalt  sulphate  with  barium  sul- 
phide and  common  salt. 

These  scanty  data  show  that  the  minerals  of  this  group  may  be 
produced  in  either  the  wet  or  the  dry  way,  and  their  natiu*al  occur- 
rences point  to  the  same  conclusion,  l^lerite,  for  instance,  forms 
beautiful  tufts  of  slender,  hairlike  needles  in  geodes  lined  with  crys- 
tals of  dolomite.  Specimens  of  this  kind  are  familiar  objects  to  col- 
lected^ of  minerals.  Millerite  is  also  reported  by  DesCloizeaux^  as 
found  in  the  coal  measures  of  Belgium,  and  he  mentions  linnseite  in 
coal  from  Glamoi^anshire,  Wales.  On  the  other  hand,  as  J.  H.  L. 
Vogt^  has  shown,  the  nickeliferous  pyrrhotites  are  often,  if  not 
always,  distinct  segregations  from  molten  magmas.  On  this  subject, 
however,  controversy  still  reigns,  and  especially  with  reference  to  the 
nickel  ores  of  Sudbury,  Canada.  Here  the  ores  are  chiefly  pyrrho- 
tite  with  admixtures  of  pentlandite,  a  certain  amount  of  chalcopyrite 
being  also  present.  The  matrix  is  norite,  although  the  earlier 
observers  termed  it  diorite.  Their  magmatic  origin  has  been  advo- 
cated by  R.  Bell,«  H.  B.  von  Foullon,*  T.  L.  Walker,^<»  A.  P.  Coleman,*^ 

>  See  L.  BoargeoLs,  Reproduction  artiflcieUe  des  min^raox,  p.  86,  for  old  InstanoeB.    Alio  A.  Bmnd, 
Zeitschr.  Kryst.  Min.,  vol  .12, 1K87,  p.  234,  on  bretthauptite. 

*  Annates  chim.  phys.,  3d  ser.,  vol.  32, 1851,  p.  129. 

*  LJel^g's  Annalen,  vol.  129, 1864,  p.  SSO. 

« Zeitschr.  Kryst.  Mln.,  vd.  17, 1890,  p.  497. 

•  Compt.  Hend. ,  vol .  65, 1867,  p.  75.    Jaipurite  is  also  known  as  syepoorite. 

•  Bull.  Soc.  min.,  vol.  3, 1880,  p.  170. 

*  Zeitschr.  prakt.  Geologie,  1893,  pp.  125,  S57. 

«  Bull.  Geol.  Soc.  Amerfca,  vol.  2, 1890,  p.  125.    Another  paper  iSy  Bell,  on  Sudbury,  a|>pears  in  Ann. 
Rept.  Geol.  Survey  Canada,  2d  ser.,  vol.  5,  F,  1890-91. 

•  Jahrb.  K.-k.  geol .  Reichsanstalt,  vol.  42, 1892,  p.  223.    The  nickel  ores  of  Scfaweidflilch,  Bohemia,  ore 
described  as  analogous  to  those  of  Sudbury. 

10  Quart.  Jour.  Geol.  Soc.,  vol.  53, 1897,  p.  40. 

"  Bull.  Geol.  Soc.  America,  vol.  15, 1904,  p.  551.  In  Rept.  Ontario  Bur.  Mines,  1904,  pt.  1,  p.  192,  Coleman 
has  a  long  paper  on  the  "  Northern  Nickel  Range.''  The  report  of  the  same  bureau  for  1906,  pt.  3,  contains 
a  monograph  by  Coleman  on  the  Sudbury  ores.  A  later  iwper  by  Coleman  Is  in  Jour.  Geology,  vol.  51, 
1907,  p.  759,  and  another  in  Econ.  Geology,  vol.  12,  p,  427, 1917. 
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D.  II.  Browne,*  and  others.  A.  E.  Barlow,'  for  example,  repeatedly 
speaks  of  the  ''nickel-bearing  eruptive.''  Browne  compares  the 
occurrences  at  Sudbury  with  the  phenomena  observed  in  cooling  a 
copper-nickel  matte,  La  which  the  copper  sulphides  concentrate  along 
the  margins  of  the  mass,  and  the  nickel  sulphides  at  the  center, 
This  arrangement  of  ores,  chalcopyxite  near  the  wall  rock,  then  pyr- 
rhotite  carrying  nickel,  and  finally  nickel  sulphide,  is  the  order 
observed  at  Sudbury. 

R.  Beck,»  C.  W.  Dickson,*  and  W.  Campbell  and  C.  W.  Knight,'' 
on  the  other  hand,  have  argued  strongly  in  favor  of  a  secondary 
origui  of  these  ores — a  deposition  from  circulating  solutions.*  A 
similar  view  is  expressed  by  F.  W.  Voit^  concerning  the  nickel  ores 
of  Dobschau,  Hungary.  Here  the  arsenides  of  nickel  occur  in  a* 
carbonate  gangue  at  or  near  contacts  of  diorite.  At  Mine  La  Motte, 
Missouri,  linnseite  is  found  with  lead  and  copper  ores  in  bodies  which 
C.  K .  Keyes  "  describes  as  metasomatic  replacements  in  limestone. 
Small  quantities  of  nickel  ai^  shown  in  analyses  of  the  adjacent 
granites. 

At  the  Gap  mine,  in  Lancasti^r  County,  Pennsylvania,  pyrrhotite 
and  chalcopyrite  occur  with  secondary  millerite  in  an  amphibolite, 
which  J.  F.  Kemp  •  thinks  is  an  altered  gabbro  or  norite.  This 
deposit  Kemp  regards  as  originaUy  magmatic.  In  the  serpentines 
of  Malaga,  Spain,  according  to  F.  Gillman,*®  niccolite  is  found, 
altered  to  silicates  of  nickel  at  the  surface,  but  associated  with  chro- 
mite  and  augite  in  the  norites  below.  Here  again  a  magmatic  origin 
is  indicated.  The  nickeliferous  pyrrhotites  of  the  southern  Schwarz- 
wald  are  regarded  by  E.  Weinschenk  "  as  not  magmatic. 

Near  Lake  Temiskaming,  Ontario,  an  extraordinary  group  of 
deposits  of  associated  cobalt,  nickel,  arsenic,  and  silver  ores  was 
discovered  in  1903."  In  this  district  native  silver  and  native  bis- 
muth are  found,  together  with  niccolite,  chloanthite,  smaltite,  miUer- 

1  School  of  Mines  Quart.,  vol,  16, 1S95,  p.  297:  and  Tcon.  Geology,  vol.  1, 1906,  p.  487. 
«  Econ.  Geology,  vol.  1, 1906,  pp.  454,  545. 

•  The  nature  of  ore  deposits.  Weed's  translation,  p.  41. 

4  Trans.  Am.  Inst.  Min.  Kng.,  vol.  34,  p.  3, 1904.    See  also  Jour.  Canadian  Min.  Inst.,  vol.  9, 1906,  p.  336. 
»  Eng.  and  Min.  Jour. ,  vol .  82, 1906,  p.  909.    These  authors  ba^o  their  opinions  on  the  microscopic  struc- 
ture of  the  pyrrhotite. 

•  Other  memoirs  upon  Sudbury  and  its  ores  are  by  J.  II.  Collins,  Quart.  Jour.Geol.  Soc.,  vol.44, 1888, 
p.  834;  J.  Gamier,  Mtfm.  Soc.  ingdn.  civils  (Franco),  vol.  44,  p.  239;  E.  R.  Bush,  Eng.  and  Hin.  Jour.,  vol. 
67, 19(k,  p.  245;  T.  L.  Walker,  Am.  Jour.  Sci.,  3d  ser.,  vol.  47,  1894,  p.  312:  F.  W.  Clarke  and  C.  Catlett, 
Bull.  IT.  S.  Oeol.  Survey  No.  64,  1890,  p.  20;  S.  St.  Clair,  Min.  and  Sci.  Iress,  vol.  109, 1914,  p.  248;  L.  V. 
Silver,  Canadian  Min.  Rev.,  vol.  21, 1902,  p.  207;  T.  L.  Walker,  Econ.  Geology,  vol.  10, 1915,  p.  636;  A.  M. 
Batejnan,  idem,  vol.  12, 1917,  p.  391;  M.  A.  Dresser,  idem,  p.  563;  W.  H.  Goodchild,  idem,  vol.  13, 1918,  p. 
137;  II.  M.  Roberts  and  H,  D.  Longyear,  Bull.  Am.  Inst.  Min.  Eng.,  1918,  p.  554. 

'  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  50, 1900,  p.  717. 
« Missouri  Geol.  Survey,  vol.  9,  pt.  4, 1896,  p.  82. 

•  Trans.  Am.  Inst.  Min.  Eng.,  vol.  24, 18C4, j>.  620. 

10 Trans.  Inst.  Min.  and  Met.  (London),  vol.  4, 1896,  p.  1.59. 
w  Zeitschr.  prakt.  Geologic,  1907,  p.  73. 

»  See  the  reports  by  W.  G.  Miller,  Rept.  Ontario  Bur.  Mines,  I9()l,  pt.  1,  p.  G6;  1905,  pt.  2.     Also  In  Kng. 
and  Min.  Jour.,  vol.  76, 1903,  p.  888. 
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ite,  cobaltite,  argentite,  dyscrasite,  pyrargyrite,  tetrahedrite,  arseno- 
pyrite,  etc.,  in  relations  which  are  interpreted  by  Miller  as  suggesting 
a  deposition  from  heated  waters,  which  latter  were  **  probably 
associated  Mrith  the  post-Middle  Huronian  diabase  and  gabbro 
eruption."  According  to  Miller,  the  deposits  are  analogous  to 
those  of  Annaberg,  Saxony,  and  Joachimsthal,  Bohemia,  which  are 
classical  localities  for  cobalt  and  nickel  minerals.  The  original 
source  of  the  Temiskaming  ores  has  not  yet  been  clearly  determined. 
They  may  represent  a  leaching  of  the  accompanying  eruptive  rocks, 
or  they  may  have  been  brought  from  below;  at  all  events,  they  are 
not  igneous  segregations.^ 

By  oxidation  or  carbonation  the  sulphides  and  arsenides  of  nickel 
and  cobalt  are  transformed  into  sulphates,  arsenates,  carbonates, 
oxides,  etc.  Morenosite,  NiSO^.THjO;  bieberite,  C0SO4.7H2O;  the 
arsenates,  roselite,  erythrite,  annabergite,  forbesite,  and  cabrerite; 
the  carbonates  sphserocobaltite,  zaratite,  and  remingtonite;  the  oxide 
bunsenite;  and  the  hydroxides  asbolite,  heubachite,  heterogenite, 
transvaalite,  etc.,  are  among  these  products  of  alteration.  Bunsenite, 
NiO,  was  prepared  artificially  by  J.  J.  Ebelmen,'  through  the  action 
of  lime  on  fussed  nickel  borate.  Ferriferes  and  Dupont  *  also  ob- 
tained it  by  heating  nickel  chloride  to  redness  in  a  current  of  steam. 
Neither  process  seems  to  hear  any  close  relation  to  the  observed 
occurrences  of  bunsenite  in  nature.  Asbolite,  or  earthy  cobalt,  is 
an  indefinite  mixture  of  manganese  and  cobalt  hydroxides,  and  has 
some  significance  as  a  workable  ore.*  This  association  of  cobalt  and 
manganese  is  not  uncommon,  and  many  manganese  ores  contain  more 
or  less  cobalt. 

The  hydrous  silicates  of  nickel  form  a  distinct  class  of  ores,  differ- 
ing genetically  from  the  sulphides.  They  are  found  in  connection 
with  serpentine  or  other  hydromagnesian  rocks,  and  in  some  instances, 
if  not  always,  they  represent  concentrations  from  peridotitic  magmas, 
and  especially  from  nickeliferous  olivine.  At  Riddles,  Oregon,  for 
example,  the  parent  rock  is  a  saxonite  or  harzburgite,  containing, 
as  shown  by  my  own  analysis,*  »0. 10  per  cent  of  NiO.  The  olivine 
separated  from  the  rock  contained  0.26  per  cent;  and  from  this  min- 
eral the  nickel  silicates  were  doubtless  formed.     Similar  silicate  ores 


» Tb«se  ores  have  recently  been  studied  microscopically  by  W.  Campbell  and  C.  W.  Knight  (Econ. 
Geology,  vol.  1, 1906,  p.  767),  who  find  that  smaltlte  was  first  formed,  then  nicoolite,  then  caldte,  with 
argentite,  native  silver,  and  native  bismuth  later. 

«  Compt.  Rend.,  vol.  33, 1851,  p.  625. 

'  See  L.  Bourgeois,  Reproduction  artifideile  des  minthaux,  p.  51. 

« As  at  Mine  Lamotte,  Missouri,  and  in  New  Caledonia.  On  the  New  Caledonia  cobalt  ores,  see  G.  M. 
Colvocoresses,  Eng.  and  MIn.  Jour.,  vol.  76, 1003,  p.  816,  and  A.  Liversidge,  Minerals  of  New  South  Wales, 
pp.  275  et.  seq. 

»  F.  W.  Clarke  and  J.  8.  Diiler,  Bull.  U.  8.  Q«ol.  Survey  No.  60, 1800,  p.  21.  See  also,  with  regard  to 
this  locality,  A.  R.  Ledoux,  Canadian  Min.  Rev.,  vol.  20, 1001,  p.  84;  W.  L.  Austin,  Proc.  Colorado  Sci. 
Soc.,  Vol.  5,  1898,  p.  173;  and  H.  B.  von  Fonllon,  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  42, 1802,  p.  223, 
Von  Foullon  also  describes  the  deposits  at  Revda,  Frankenstein,  and  Mount  Avala.  .K  later  report  of 
the  Riddles  ores,  by  G.  F.  Kay,  appears  in  Bull.  U.  S.  Oeol.  Survey  No.  315, 1007,  p.  120. 
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are  found  in  North  Carolina;  '  at  Rovda  in  the  Urals;  at  Franken- 
stein,  Prussian  Silesia,  in  serpentine;  and  at  Mount  Avala,  Serbia, 
with  mercurial  minerals.  The  most  important  deposits,  however, 
are  in  New  Caledonia,*  where  asbolite  also  occurs.  Chromite  and  vari- 
ous  hydromagnesian  minerals  are  generally  associated  with  the  nickel 
ores. 

These  siUcates  are  rarely,  if  ever,  found  as  definite  mineral  species, 
although  they  have  been  described  as  such.  Gcnthite  appears  to  be 
H4Mg,Ni4(Si04)3.4HjO,  and  connarite  is  near  H4Ni,Si80|o.  An- 
other silicate  from  New  Caledonia,  called  nepouite,*  has  been  given 
the  formula  (NiMg)3Si307.2H,0.  Alipite,  desaulesite,  gamierite,  nou- 
meite,  pimelite,  refdanskite,  and  rottisite  are  uncertain  substances, 
mixtures  of  nickel  sihcates  with  magnesian  compounds  and  free 
silica.  The  following  analyses  will  serve  to  illustrate  the  variable 
composition  of  these  ores: 

Analyses  of  nickel  silicates. 

A.  From  Riddles,  Oregon.    Analysis  by  F.  W.  Clarke,  Bull.  I'.  S.  Geol.  Survey  No.  60,  IWO,  p.  21. 

B.  From  Riddles.    Analysis  by  Hood,  Mineral  Resources  I'.  8.  for  1882,  U.  S.  Geol.  Survey,  1883,  p.  4(M. 
Probably  this  sample  was  dried  at  or  near  100*  before  analyzing. 

C.  D,  E.  From  New  Caledonia.    Anal}-ses  by  A.  Llversidgc,  Mlncnils  of  New  South  Wales,  pp.  275-280. 
Liversidge  gives  19  analjrses  in  all,  including  several  by  Lelbius. 
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In  one  respect  all  the  ores  of  nickel  seem  to  agree.  Their  magmatic 
associate  is  alwaj'B  a  subsilicic  rock,  such  as  norite,  peridotite,  or 
sometimes  diabase  or  diorite.  In  no  case  are  they  clearly  shown  to 
have  originated  from  persilicic  magmas. 

CHROMIUM. 

Like  nickel,  chromium  is  widely  diffused  in  the  subsilicic  rocks, 
the  average  proportion  foimd  in  256  analyses  of  igneous  rocks  in  the 
laboratory'  of  the  United  States  Geological  Survey  being  0.05  per 

1  See  H.  J.  Biddle,  Mineral  Resouroes  U.  S.  for  1886,  U.  S.  Oeol.  Survey,  1887,  p.  170.  ThA  mother  nek 
here  is  dunite.  See  also  A.  E.  Barlow,  Jour.  Canadian  Min.  Inst.,  vol.  9, 1906,  p.  303.  Barlow  reguds  theee 
ores  as  formed  by  the  leaching  of  the  peridotite. 

>  See  A.  Liversidge,  Minerals  of  New  South  Wales,  p.  275;  J.  Gamier,  Compt.  Rend.,  vol.  86, 1878,  p. 
684;  D.  Levat,  M^m.  Assoc,  franc,  av.  scL,  1887,  p.  634;  and  F.  D.  Power,  Trans.  Inst.  Min.  Met.,  vol.  8, 
1900,  p.  427.  Liversidge  gives  several  analyses  of  gamierite  and  noumeite.  See  also  J.  8.  Ledcie,  Jour. 
Canadian  Min.  Inst.,  vol.  6, 1903,  p.  169. 

'  r.  Qlasser,  Compt.  Reod.,  vol.  143, 1906,  p.  1173.    Also  Annales  des  mines,  10th  ser.,  vol.  4, 19e4»  p.  448. 
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cent  of  Ct2(^9'  Th®  native  metal  has  not  been  found,  nor  are  any  ter- 
restrial sulphides  of  chromium  known,  although  the  mineral  daubrfie- 
lite,  FeCrjS^  occurs  in  some  meteoric  irons.  The  one  important  ore 
of  chromium  is  chromite,  or  chromic  iron.  There  are  also  the  lead 
chromates,  mentioned  in  a  previous  section  of  this  chapter;  the  two 
sulphates  knoxvillite  and  redingtonite;  and  the  silicates  represented 
by  chromiferous  garnet,  diopeide,  mica,  and  tourmaline.  The  clay- 
like silicates  avalite,  milosin,  and  alexandrolite  also  contain  chromium 
as  an  essential  constituent.*  Dietzeite,  from  the  Chilean  niter  beds, 
is  an  iodate  and  chromate  of  calcium.  Of  all  these  species  ehromite 
alone  needs  any  further  consideration. 

In  the  chapter  upon  rock-forming  minerals  ehromite  was  described 
as  a  member  of  the  spinel  group.  Its  ideal  formula  is  FeCr2049  but  it 
rarely,  if  ever,  is  found  in  a  state  of  even  approximate  purity.  It 
commonly  contains  isomorphous  admixtures  of  other  spinels,  whose 
presence  is  revealed  in  the  analyses.  The  following  examples  will 
serve  to  illustrate  its  variations:' 

Analyaea  of  ehromite. 

A.  rrom  Piiee  Creek,  North  Carolina.    Analysis  by  C.  Baskerville. 

B.  From  Corundum  Hill,  North  Carolina.    BaskerNille. 

C.  From  ronmdum  HiH.  Analysis  by  T.  M.  Chatard,  In  the  laTwratory  of  the  XTnited  States  Oeolojdcal 
Survfy. 

D.  From  Webster,  North  Carolina.  Analysis  by  H.  W.  Foote.  Variety  named  mitchelUte.  For  A,  B, 
and  D,  see  J.  H.  Pratt  and  J.  V.  Lewis,  North  Carolina  Ceol.  Survey,  vol.  1,  p.  3fi0, 1905.  Ma^ochromite 
Jsaaother  name  for  a  magnesian  ehromite. 

E.  From  Tampadel,  lower  Silesia.  Analysis  by  I^aszczynski.  Described  by  H.  Traube,  Zeitsdir. 
neatsoh.  geol.  Gesell.,  vol.  46,  p.  50, 1894. 
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ehromite  was  first  produced  artificially  by  J.  J.  Ebelmen,'  who 
fused  chromic  oxide,  ferric  oxide,  and  boric  oxide  tc^ther,  with  a 
little  tartaric  acid  added  to  reduce  the  iron  to  the  ferrous  state.  By 
adding  small  amounts  of  alumina  and  magnesia  the  composition 

1  Sees.  K.  Lasanitscb,  Ber.  Deatsch.  chem.  Gesell.,  vol.  2S,  1H9.'».  p.  2(>3l. 

« See  also  table  in  Chapter  X.  on  rock-forming  minerals,  p.  339.    Two  of  the  analyses  there  giveu«.t<5,^si»- 
peatod  here. 
>  Annaleschim.  phys.,  3d  ser.,  vol.  22, 1848,  p.  228. 
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of  the  product  was  made  to  vary^  like  that  of  the  natural  mineral. 
J.  Clouet  ^  also  prepared  chromite  by  essentially  the  same  process, 
only  with  trifling  differences  in  detail.  8.  Meunier'  obtained 
chromite  by  oxidizing  an  alloy  of  iron  and  chromium,  and  suggested 
that  such  an  alloy  might  be  brought  up  from  great  depths  and 
oxidized  by  vapors  near  the  surface  of  the  earth.  There  is  no  direct 
evidence,  however,  to  show  that  such  an  alloy  exists  in  nature,  and 
the  common  presence  of  chromite  in  meteorites  indicates  a  different 
origin  for  the  mineral. 

Chromite  is  almost  exclusively  found  in  subsilicic  rocks,  such  as 
peridotitos  and  the  serpentines  derived  from  them.  Its  occurrence 
in  placers  as  a  detrital  mineral  is  of  course  not  excluded  by  this 
statement.  It  is  distmctly  a  magmatic  mineral,  as  Vogt  and  others 
have  shown.' 

MOLYBDENUM  AND  TUNGSTEN. 

Although  molybdenum  and  tungsten  are  members  of  the  same 
elementary  group  with  chromium,  their  geologic  affinities  are  not 
the  same.  Chromiimi,  as  we  have  seen,  is  found  characteristically  in 
subsilicic  rocks,  while  molybdenum  and  tungsten  are  commonly  asso- 
ciated with  granite.  Neither  metal  is  found  free  in  nature,  nor  is 
either  one  widely  diffused. 

The  principal  ore  of  molybdenum  is  the  sulphide,  molybdenite, 
MoSj.  The  molybdate  of  lead,  wulfenite,  has  already  been  described. 
Calciiun  molybdate,  powellite,  koechlinite,  the  molybdato  of  bis- 
muth, and  belonesite,  the  molybdate  of  magnesium,  are  also  known. 
Pateraite  is  probably  an  impure  molybdate  of  cobalt.  Molybdic 
ocher  is  a  commoiv oxidation  product  of  molybdenite.  It  is,  as  shown 
by  W.  T.  Schaller,*  a  hydrous  ferric  molybdate.  Another  oxidation 
product  of  molybdenite,  ilsemannite,  was  originally  described  as  an 
oxide,  MoO,.4Mo08;  but  a  mineral  which  is  probably  the  same 
species  was  found  by  Schaller  *  to  be  a  sulphate,  MoO,.S08.5H,0. 

1  Axmaleschim,  phys.,  84th  ser.,  vol.  16, 1869,  p.  90. 

« Compt.  Kend.,  vol.  110, 1890,  p.  424. 

>  See  J.  H.  L.  Vogt,  Zeitschr.  prakt.  Geologie,  1894,  with  special  reference  to  Norwegian  deposits.  On 
ohromit«  at  Kraubath,  Styria,  see  F.  Byba,  idem,  1900,  p.  337;  and  in  Asia  Hinor,  K.  E.  Weiss,  idem,  1901, 
p.  250.  R.  Helmhaclcer  (Min.  Industry,  1805,  p.  94)  describes  Austrian  localities.  On  chzomiie  in  Uary- 
land,  see  W.  Qlenn,  Trans.  Am.  Inst.  Hln.  Eng. ,  vol.  25, 1896,  p.  481 ;  and  on  Canadian  ores,  the  same  anthor 
in  Seventeenth  Ann.  nept.  U.  S.  Qeol.  Survey,  pt.  3, 1890,  p.  261.  M.  Penhale  (Min.  Industry,  1805,  p.  92) 
also  describes  Canadian  chromite.  The  chromite  of  North  Carolina  is  discussed  by  J.  H.  Pratt  in  Am. 
Jour.  8ci.,  4th  set.,  vol.  7,  p.  281;  and  Trans.  Am.  Inst.  Min.  Eng.,  vol.  29, 1899.  p.  17.  See  also  J.  H.  Pralt 
and  J.  V.  Lewis,  North  Carolina  Geol.  Survey,  vol.  l,  I9a>,  p.  369. 

4  Am.  Jour.  Sd.,  4th  ser.,  vol.  23, 1907,  p.  297.  For  koechlinite  see  also  Schaller,  Jour.  Washington  Acad. 
Sci.,  vol.  4, 1914,  p.  354. 

A  Jour.  Washixigton  Acad.  Sci.,  vol.  7, 1917,  p.635,  418.  See  ante,  p. ,  forthe  analysis  of  a  remaAabAB  mo- 
lybdic mine  water,  probably  derived  from  the  solution  of  ilsemannite.  Also  H.  F.  Yanoey,  Cheai.  MeC 
Eng.,  vol.  18,  1918,  p.  186. 


METALUC  ORES.  705 

Artificial  molybdenite  has  been  prepared  by  A.  de  Schulten.* 
Potassium  carbonate  was  fused  with  sxilphiir,  and  molybdic  oxide  was 
gradually  added,  in  successive  portions,  to  the  mdt.  Crystals  of 
molybdenite  were  thus  formed.  Powellite,  also,  has  been  made  by 
L.  Michel,'  who  heated  sodium  molybdate,  calcium  chloride,  and 
sodium  chloride  together.  A  little  sodium  tungstate  was  added  to 
the  mixture,  in  order  to  reproduce  more  exactly  the  natural  mineral, 
in  which  some  ttingsten  is  found. 

As  a  rule,  molybdenite  is  a  fairly  pure  compoimd,  although 
Michel  ^  has  described  a  variety  containing  28.37  per  cent  of  bismuth. 
It  was  evidently  a  mixture  of  molybdenite  with  bismuthinite.  Bis- 
muth is  a  not  infrequent  associate  both  of  molybdenite  and  of 
wolfram. 

At  Crown  Point,  Washington,  according  to  A.  R.  Crook/  large 
quantities  of  molybdenite  are  found  in  a  quartz  vein  in  granite.  At 
Cooper,  Maine,  as  described  by  G.  O.  Smith,®  the  molybdenite  is 
found  in  pegmatite  dikes  and  also  in  the  adjacent  granite.  It  may 
be  either  an  original  mineral  or  an  impregnation;  probably,  says 
Smith,  the  latter.  In  Canada  molybdenite  occurs  under  a  variety 
of  conditions,  often  in  granite,  but  also,  according  to  J.  W.  Wells,* 
in  veins  cutting  limestone,  and  associated  with  pyroxene,  calcite, 
quartz,  mica,  pyrite,  etc.  The  mineral  was  foimd  embedded  some- 
tunes  in  pyroxene  and  sometimes  in  pyrrhotite,  and  Wells  further- 
more reports  it  in  veins  through  pyroxenite.  The  nature  and  origin 
of  these  unusual  associations  remain  to  be  determined.  They 
probably  represent  contact  metamorphism.' 

The  ores  of  tungsten  are  by  no  means  numerous.  In  addition  to 
stolzite,  which  was  mentioned  among  the  ores  of  lead,  there  are  the 
tungstate  of  iron,  wolframite,  or  ferberite  when  the  compoimd  is 
entirely  free  from  manganese;  the  tungstate  of  manganese,  hiibner- 
ite;  calcium  tungstate,  scheelite;  the  copper  salt,  cuprotungstite; 
and  the  recently  discovered  sulphide,  tungstenite,  WS,,  the  equiva- 
lent of  molybdenite,  which  it  resembles.^  There  is  also  an  alteration 
product,  tungstic  ocher,  which  in  one  instance  at  least  has  been  shown  by 
W.  T.  Schaller  •  to  be  a  hydrous  ferric  tungstate,  FejOj. WOj.eHjO,  and 
to  which  he  has  given  the  name  ferritungstite.     Of  these,  wolframite, 

«  Geo!.  FSren.  FOrhandl.,  vol.  11, 1889,  p.  401. 
>  Bull.  Soc.  min.,  vol.  17, 1894,  p.  612. 

•  Idem,  vol.  22, 1899,  p.  29. 

« Boll.  Oeol.  8oc.  America,  vol.  15, 1904,  p.  283. 
»  Bull.  U.  8.  Geol.  Survey  No.  260, 1905,  p.  197. 

•  Canadian  Min.  Rev.,  vol.  22,  1903,  p.  113.    On  molybdenite  in  Ontario.    See  A.  L.  Tbtsoc^,  Rept. 
Ontario  Bar.  Mines,  No.  26,  pt.  1, 1917,  p.  275. 

Y  Bull  No.  Ill  of  the  U.  S.  Bur.  Mines,  1916,  by  F.  W.  Horton,  is  a  good  general  rei>ort  on  molybdenum. 

•  See  R.  C.  Wells,  Jour.  Washinpton  Acad.  Sd.,  vol.  7, 1917,  p.  596. 

•  Jour.  Washington  Acad.  Sci.,  vol.  1, 1911,  p.  24. 

113750*— 1^— Bull.  695 45 
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liQbiierite,  ferberite,  and  scheelitc  arc  economically  important,  and  all 
four  have  been  prepared  artifi(;ially.' 

N.  S.  Manross  '  obtained  scheelitc  by  fusing  sodiimi  tungstate  with 
calcium  chloride.  A.  Cossa'  also  prepared  it  by  fusing  the  amor- 
phous compound,  CaWO^,  with  common  salt.  H.  Debray  *  heated 
amorphous  calcium  tungstate  with  lime  in  a  current  of  gaseous  hydro- 
chloric acid,  and  so  effected  its  crystallization.  He  also  heated  a  mix- 
ture of  tungstic  oxide  and  ferric  oxide  in  the  same  gas,  forming  in 
that  way  both  wolframite  and  magnetite.  Some  of  the  tungstic  oxide 
crystallized  at  the  same  time.  A.  Geuther  and  E.  Forsberg^  pro- 
duced wolframite  and  its  manganesian  varieties  by  fusing  sodium 
tungstate  with  ferrous  chloride  or  with  the  mixed  chlorides  of  iron 
and  manganese.  L.  Michel,^  by  fusing  sodiimi  tungstate  and  sodium 
chloride  with  the  chlorides  of  calciiun,  manganese,  iron,  or  lead, 
obtained  scheelite,  hubnerite,  wolframite,  and  stolzite,  respectively. 

Wolframite  is  a  frequent  companion  of  tin  ores,  especially  in 
greisen,  the  cassiterite  and  the  tungsten  minerals  having  developed 
in  mudi  the  same  way.  In  the  Cornish  tin  mines  wolframite  is  an 
annoying  impurity,  and  it  also  occurs,  according  to  J.  D.  Irving,^  in 
the  Etta  tin  district  of  the  Black  Fills.  Near  Lead  City,  in  the  same 
region,  however,  Irving  found  wolframite  in  magnesian  limestone, 
where  it  had  apparently  been  formed  by  metasomatic  replacement. 
ITiis  occurrence  was  secondary,  the  primary  wolframite  being  found 
in  quartz  veins  cutting  granite  rocks.  At  Osceola,  Nevada,  hiibnerite 
is  abundant,  with  some  scheelite,  in  veins  of  white  quartz  ia  a  porphy- 
ritic  granite.*  The  tungsten  deposits  of  the  Dragoon  Mountains^ 
Arizona,  are  of  the  same  character,'  the  ore  being  principally  hub- 
nerite, with  scheelite  and  some  wolfram.  The  tungsten  mine  at  Trum- 
bull, Connecticut,  where  wolframite,  scheelite,  and  tungstic  ocher  are 
found,  has  been  described  by  A.  Gurlt  *®  and  W.  H.  Hobbs."  In  the 
Sierra  de  Cordoba,  Argentina,  according  to  G.  Bodenbender,"  the 

<  Wolft-amite  is  hardly  to  1)6  regarded  as  a  definite  species.  It  is  roaUy  a  mixture  of  ferlMrilo  aad 
liiibneritc. 

«  Licbig's  Annalen,  vol.  81, 1852,  p.  243. 

>  Cited  by  L.  Bourgeois,  Reproduction  artifioielle  dcs  rain^raux,  p.  172. 

« Compt.  Rend.,  toI.  65, 1862,  p.  287. 

» Liebig'B  Annalen,  vol.  120, 1861,  p.  270. 

•  Boll.  Soc.  min.,  vd.  2, 1879,  p.  142. 

7  Tnuu.Am.  Inst.  lCin.£ng.,ToL31,1001,p.  683.  Seealso  J.  D.Irving  and  S.F.Emmo&s,Pi^.I'ap« 
U.  S.  Oool.  Survey  No.  28, 1904,  p.  163. 

« See  F.  B.  Weeks,  Twenty-first  Ann.  Kept.  U.  S.  Geol.  Survey,  pt.  6, 1901,  p.  319,  and  F.  D.  Soith, 
Eng,  and  Min.  Jour.,  vol.  73, 1902,  p.  304. 

•  See  W.  r.  Blake,  Trans.  Am.  Inst.  Min.  Eng.,  vcl.2»,18D8,p.543,and  F.Rickard,Eiig.andlCin.  Jour., 
vol.  78, 19(M,  p.  263. 

M  Trans.  Am.  Inst.  Mia.  Eng.,  vd.  22, 1883,  p.  238. 

"  Twenty-second  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  2, 1902,  p.  13. 

»  Zeitschr.  prakt.  Oeologie,  18»4,  pt.  400.    Ob  the  tungsten  ores  of  Colorado,  see  W.  IJnAgNm,  Seso. 

Geology,  vol.  2, 1907,  p.  453,  and  R.  D.  Oocrpi,  First  Ropt.  Colorado  Gecl.  Surv<gr,  t90B,  p.  7.    On  ttn^sk" 

depositsin  the  Cocur  d'Alcno  region,  Idaho, see  H.  S.  Auerbach,  Eng.  and  Min.  Jour.,  ^roL 9^ MOB,  p.  114S. 
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wolframite  is  again  in  quartz  veins  in  granite,  and  molybdenite  is 
sometimes  present  also.  These  illustrations  of  tungsten  occurrences 
are  ample  for  present  purposes. 

On  the  genesis  of  tungsten  ores  there  is  a  recent  paper  by  R.  H^ 
Rastall/  who  has  studied  the  subject  from  all  points  of  view.  The 
common  association  of  wolfram  with  cassiterite  in  granite  or  pegmatite 
be  regards  as  of  magmatic  origin.  Scheelite  is  often  a  product  of  the 
contact  between  such  granite  and  limestone.  Other  modes  of  occur- 
rence as  in  metalliferous  veins  are  like  those  of  its  common  associate, 
tin.     For  details  the  original  memoir  should  be  consulted. 

THE    PLATINUM    METALS. 

The  metals  platinum,  iridium,  osmium,  palladium,  rhodium,  and 
ruthenium  form  a  well-defined  natural  group  of  elements,  which  are 
foimd  associated  with  one  another,  and  in  less  degree  with  iron, 
nickel,  chromium,  etc.  With  two  exceptions  the  platinum  metals 
occur  native,  or  in  alloys,  which  vary  much  in  composition,  and  have 
received  many  specific  names.  TTie  two  exceptions  are  laurite, 
ruthenium  sulphide,  RuSj;  and  sperrylite,  platiniun  arsenide,  PtAsj. 
The  native  metals  and  recognized  alloys  are  as  follows : 

Native  platinum. 
Native  iridium  and  platiniridium. 
Native  palladium,  isometric. 
AUopalladium,  rhombohedral . 

IridoBminJ^^^^'y*^^^*®'  ^^^'  ^  P^  ^'l*  ^''• 
ISiscTskite,  30  per  cent  Ir,  or  less. 

Palladium  gold  .^ 

Rhodium  gold. 

The  list  might  be  extended  by  subdivision,  but  the  increase  in 
names  would  be  meaningless.  Tlie  following  selected  analyses  fairly 
represent  the  great  variations  in  native  platinum:' 

»  Oeol.  Mag.,  1918,  pp.  193, 241, 293, 367.  Bull.  U.  S.  Gcol.  Survey  No.  652, 1917,  by  F.  L.  Hess,  is  a  useful 
summary  of  the  oocurrraces  of  tungsten  ores. 

•  See  section  on  gold,  ante,  p.  048. 

•See  J.  F.  Kemp,  Bull.  U.  S.  Geol.  Survey  No.  193, 1902,  for  a  full  collection  ofanmlyscs,bothofpLiti. 
num  and  Iridosminc.  Other  analyses  by  W.  J.  Martin,  jr.,  appear  in  Sixteenth  Ann.  Rcpt.  U.  S.  Oool. 
Survey,  pt.  3, 1895,  p.  633.  See  also  Dana's  System  of  mineralogy,  6th  od.,  pp.  26, 27.  Recent  analyses  of 
Uralian  platinum  by  L.  Duparc  and  H.  C.  Holtr  arc  in  Mln.  pet.  Mitt.,  vol.  29,  1910,  p.  498.  G.  V. 
Merrill  (Proc.  Nat.  Acad.,  vol.  1, 1915,  p.  429)  reports  the  presence  of  Pt,  Pd,  Ir,  and  Ru  in  mctooritcd. 
See  also  J.  C.  H.  Mingaye  (Rec.  Geol.  Survey  New  South  Wales,  vol.  9, 1916,  p.  159)  on  Pt,  Pd,  and  Ir  in 
Australian  meteorites. 
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Anab/itM  of  native  platinum. 

A.  From  Chooo,  Colombia.    Azial3r8is  by  H.  Salnte-Clairo  Deville  and  H.  Debray ,  Annalcs  chhn .  pbys., 
3d  ser.,  vol.  56, 1859,  p.  449. 
D.  From  Calitomia.    DevlUe  and  Debray. 

C.  Nugget  found  near  Plattsburg,  New  York,  of  54  per  cent  chrtmlto  and  40  per  cent  metallic  platinum. 
Analsrsis  of  the  platinum  by  P.  Collier,  Am.  Jour.  8ci.,  3d  ser.,  vol.  21,  IMiil,  p.  123. 

D.  From  NishnlTagilsk^Urab,  Deville  and  Debray. 

E.  From  Nizhni  Tagilsk,  blackish  magnetic  grains.  Analysis  by  J.  von  Muchin  (commonly  but  erro- 
neously quoted  as  Hinchin),  cited,  with  other  analyses,  by  N.  von  Kokscharcf ,  If  aterialien  sur  MIneralogie 
Russlands,  vol.  5, 1S66,  p.  186. 

F.  Granite  Creek,  British  Columbia.  Nonmagnetic  portion  of  sample.  Analysis  by  G.  C.  Hoffmann, 
Trans.  Roy.  8oc.  Canada,  vol.  5,  sec.  3,  p.  17. 

G.  Magnetic  portion  of  F.    Analysis  by  Hoffmann. 

H.  From  Condado,  Minaa  Geraes,  Brazil.  Analysis  by  E.  Hussak,  Zeitschr.  prakt.  Geologie,  1906,  p. 
2M.  For  a  paper  by  Hussak  on  platinum  and  palladium  in  Brazil,  see  Sitcungsb.  Akad.  Wien,  vol.  113, 
Abth.  1,1904,  p.  379. 
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In  another  sample  of  Uralian  platinum,  A.  Terreil  *  found  0.75 
per  cent  of  nickel.  A  remarkable  nugget  from  the  river  Approuague, 
French  Guiana,  gave  A.  Damour  *  41.96  Pt,  18.18  Au,  18.39  Ag,  and 
20.56  per  cent  Cu.    This  sample  is  altogether  exceptional. 

The  subjoined  analyses  are  of  native  iridium,  platiniridium,  and 
iridosmine. 


1  Compt.  Rend.,  vol.  82, 1876,  p.  1116. 


*  Idem,  vol.  52, 1861,  p.  688. 
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Analyses  of  native  iridium j  etc, 

A.  Native  iridhiin.    NUhni  Tagilsk,  Urals. 

B.  Platiniridium,  probably  from  Bratil.    Analyses  A  and  B  by  Svanberg,  Beneilns's  Jahresb.,  vol. 
15, 1834,  p.  206. 

C.  Iridosmine  from  Colombia. 

D.  Iridosmine  from  the  Urals. 

E.  Iridosmine  from  the  Urals.    Analyses  C,  D,  and  E  by  Deville  and  Debray,  Annales  chim.  phys.,  3d 
scr.,  vol.  56, 1859,  pp.  481,  482. 
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The  indefinite  character  of  these  natural  alloys  seems  to  be  per- 
fectly evident. 

The  platinum  and  iridosmine  of  commerce  are  almost  entirely  from 
detrital  or  placer  deposits,  but  their  primary  geologic  affinities  are 
subsilicic.  That  is,  the  ores  are  associated  with  chromite  and  other 
products  of  the  decomposition  of  peridotic  rocks,  from  which  they 
were  undoubtedly  derived.  Chromite  has  been  repeatedly  observed 
adherent  to  or  interpenetrating  platinum  nuggets,  and  A.  Inostran- 
zeff  ^  has  reported  platinum  in  place  in  the  dunite,  or  rather  serpen- 
tine, of  Moxmt  Solovief  in  the  Urals.  On  the  Tulameen  River, 
British  Columbia,  according  to  J.  F.  Kemp,'  the  mother  rock  is  also 
dunite,  and  grains  of  platinum  are  found  with  both  chromite  and 
olivine  adhering  to  them.  Even  the  serpentine  of  this  region  yields 
traces  of  platinum  upon  careful  assay.  The  black  sands  of  the 
Pacific  coast,  from  British  Columbia  southward  to  California,  contain 
platinum,  and  also  iridosmine,  and  their  origin  is  peridotic'  Accord- 
ing to  H.  Bancroft;^  platinum  is  found  in  certain  peridotite  dikes  in 
Clark  County,  Nevada.  On  the  other  hand,  L.  Duparc,*  who  has 
devoted  much  study  to  Uralian  platinum,  reports  its  association 
with  pyroxenite  and  gabbro. 

1  See  English  translation  from  the  Russian  in  Bull.  U.  S.  Geol.  Survey  No.  103, 1902,  p.  76. 

s  Bull.  U.  8.  Geol.  Survey  No.  198, 1902.  A  brief  monograph  on  the  geologic  relations  and  distribution  of 
platinum. 

»  See  D.  T.  Day,  Nineteenth  Ann.  Rept.  U.  8.  Oeol.  Survey,  pt.  6,  1899,  p.  265.  Also  Day  and  R.  H. 
Richards,  Bull.  U.  S.  Geol.  Survey  No.  285, 1906,  p.  150.  In  Trans.  Am.  Inst.  Min.  Eng.,  vol.  30, 1900,  p. 
702,  Day  has  a  memoir  on  platinum  in  North  America. 

*  Bull.  U.  8.  Geol.  Survey  No.  430, 1910,  p.  192. 

•  Arch.  Sd.  phys.  nat.,  4th  ser.,  vol.  30,  1910,  p.  379;  and  vol.  31,  1911,  p.  211.  An  earlier  memoir  by 
Duparc  is  in  vol.  15,  1903,  pp.  287,  377,  which  includes  a  biblii^graphy  of  Uralian  platinum.  See  also  A. 
BaytzefT,  Zeltschr.  prakt.  Geologie,  1898,  p.  395;  C.  W.  Purington,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  29, 1899, 
p.  3;  and  R.  Spring,  Zeitschr.  prakt.  Geologie,  1905,  p.  49. 
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A.  Daubr6e/  many  years  ago,  commenting  upon  the  constant 
association  of  platinum  with  olivine  rocks  and  chromite,  pointed  out 
the  similarity  of  these  rocks  to  meteorites.  Much  later,  J.  M.  Davi- 
son ^  announced  the  presence  of  platiniun  and  iridium  in  the  meteoric 
iron  of  Coahuila.  Still  more  recently,  S.  Meunier'  has  discussed 
this  relationship  at  some  length,  and  argued  that,  contrary  to  the 
iLsual  view,  the  native  platinum  and  iron  of  these  rocks  are  not  mag- 
matic,  but  are  introduced  as  vaporized  chlorides  and  subsequently 
reduced  by  heated  hydrogen.  This  mode  of  introduction  and  depo- 
sition Meimier  reproduced  artificially,  but  the  application  of  the 
experiments  to  meteorites  is  not  quit«  clear. 

In  a  number  of  cases  platinum  has  been  detected  in  sedimentarv 
or  metamorphic  rocks.  Kemp  *  mentions  its  occurrence  in  certain 
Penns34vanian  shales,  and  states  also  that  the  palladium  gold  of 
Brazil,  is  sometimes  associated  with  itabirite.  E.  Hussak  *  found 
palladiiun  gold  in  a  contact  limestone,  and  reports  the  platinum  of 
Brazil  not  only  from  olivine  rocks,  but  also  from  a  conglomeritic 
quaitzite.  According  to  J.  B.  Jaquet,"  platinum  occurs  near  Broken 
Hill,  Australia,  in  ironstone,  ferruginous  claystone,  and  decomposed 
gneiss.  It  is  also  said  to  be  present  in  the  ash  of  certain  Australian 
coals.^  F.  Sandberger '  identified  platinimi  in  limonite  nodules  from 
Mexico.  In  an  altered  limestone  lens  in  Sumatra,  L.  Hundeshagen  • 
found  platinum  up  to  6  grams  per  metric  ton.  The  metal  was  in 
wollastonite,  which  formed  from  85  to  88  per  cent  of  the  rock,  with 
12  to  14  per  cent  of  gi'ossularite.  Hundeshagen  regards  this  occur- 
rence as  due  to  the  introduction  of  hot  solutions  containing  gold, 
silver,  and  platinum  into  the  metal-bearing  rock.  Natural  solutions 
of  platiniun,  however,  do  not  appear  to  have  been  observed;  and  its 
solubility  in  natural  solvents  is  undetermined.  Possibly  the  plati- 
niferous  quartz  from  the  south  island  of  New  S^ealand,  described  by 
J.  B.  Bell,*®  had  a  similar  origin.  The  quartz  veins,  however,  were 
near  altered  magnesian  eruptives,  in  which  no  platinum  was  found. 

The  occasional  presence  of  platinum  in  sulphide  ores  has  long  been 
known,  although  it  has  attracted  serious  attention  only  within  recent 
years.     E.  Guc^Tnard  "  found  it  in  tetrahedrite,  in  a  gangue  of  dolo- 

«  Compt.  Rend.,  vol.  80, 1875,  p.  707. 

2  Am.  Jour.  Sci.,  4th  ser.,  vol.  7, 1899,  p.  4. 

a  Compt.  Rend.  Vn  Cong.  g^.ol.  intornat.,  1S97,  p.  lo7. 

« Bull.  U.  S.  Gcol.  Survey  No.  193, 1902. 

6  Zeitschr.  Kryst.  Min.,  vol.  42, 1906,  p.  399. 

«  Rcc.  Geol.  Survey,  New  South  Wales,  vol.  5, 1S96-1S9S,  p.  23.  See  also  J.  C.  H.  Mingaye,  Ann,  Rept. 
Dept.  Mines,  New  South  Wales,  1889,  p.  249. 

» See  Seventeenth  Ann.  Rept.  U.  8.  Oeol.  Survey,  pt.  3, 1896,  p.  28*2. 

s  Nenes  Jahrb.,  1875,  p.  625. 

» Trans.  Inst.  li^n.  and  Met.,  vol.  13, 1903-4,  p.  r.50. 

»  Econ.  Geology,  vol.  1, 1900,  p.  749. 

»» Compt.  Rend.,  vol.  29,  1849,  p.  811.  See  also  Guoyraard,  Hnll.  See.  ^\.  France,  5d  ser.,  vol.  12, 
1854-55,  p.  429,  on  other  occurrences  of  platinum  in  the  Alps. 
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mite,  quartz,  and  barite,  at  Chapeau  Mountain^  in  the  French  Alps. 
The  country  rock  was  a  metamorphic  limestone.  H.  Rossler  ^  de- 
tected both  platinum  and  palladium  in  silver  bullion;  and  H.  Vc^l ' 
reports  its  presence  in  the  metallic  ores  of  Boitza,  Transylvania. 
Much  more  striking,  however,  is  the  presence  of  platinima  in  the 
sulphide  ores  of  Sudbury,  Canada.  Here  it  is  foimd  as  the  arsenide, 
sperrylite,'  associated  with  nickeliferous  pyrrhotite  and  chalcopyrite, 
but  most  intimately  with  the  latter.  P.  W.  Clarke  and  C.  Catlett,* 
however,  showed  its  presence  in  massive  polydymite.  At  the  Ram- ' 
bier  mine,  in  Wyoming,  both  platinum  and  palladiimi  are  found  in 
covellite,  in  ores  derived  from  diorite.*  Here,  also,  sperrylite  has 
been  identified.*  At  this  locality  palladium  appears  to  be  more 
abundant  than  platinum,  but  its  mode  of  combination  is  as  yet  unde- 
termined. Sperrylite  has  furthermore  been  foimd  by  J.  Catharine t ' 
in  the  pegmatite  of  Copper  Mountain,  British  Columbia.  One  small 
crystal  was  embedded  in  biotite.  Platinum  is  also  present,  according 
to  C.  W.  Dickson,'  in  chalcopyrite  from  the  Key  West  mine,  Bimker- 
ville,  Nevada;  but  sperrylite  could  not  be  detected.  J.  H.  L.  Vogt  • 
found  platinum  to  be  present  in  the  nickeliferous  pyrrhotites  of  Nor- 
way, and  R.  W.  Brock  *®  discovered  traces  of  it  in  sulphide-bearing 
quartz  at  the  Mother  Lode  claim,  Yale  district,  British  Columbia. 
These  occurrences  have  led  to  much  searching  after  platiniun  in 
copper  and  nickel  ores,  and  the  search  is  likely  to  be  occasionally 
fruitful."  The  presence  of  platiniun  in  sulphide  ores  near  Broken 
Hill  has  been  reported  by  J.  C.  H.  Mingaye."  In  plumbojarosite 
from  Goodsprings,  Nevada,  R.  C.  Wells  "  found  up  to  0.2  per  cent 
of  palladium,  with  a  trace  of  platinum. 

I  Liebig's  Annalen,  vol.  ISO,  1875,  p.  240. 

«  Oesterr. Zoitschr.  Berg-  u.  Hilttenw.,  vol.39,  p.  32. 

» See  H.  L.  Wells,  Am.  Jour.  Sci.,  3d  ser.,  vol.  37, 1889,  p.  67.  Sperrylite  has  since  been  found  by  W.  E. 
Hidden  (idem,  4th  ser.,  vol.  6, 1898,  p.  381),  and  by  Hidden  and  J.  H.  Pratt  (idem,  vol.  6, 1898,  p.  467),  at 
two  localities  in  North  Carolina,  associated  with  rhodolite  garnet.  For  details  concerning  Sudbury,  see 
the  section  on  nickel  and  cobalt,  ante,  p.  700. 

*  Bull.  U.  S.  Geol.  Survey  No.  64, 1890,  p.  20. 

»  See  W.  C.  Knight,  Eng.  and  Min.  Jour.,  vol.  72, 1901,  p.  845;  vol.  73, 1902,  p.  606;  J.  F.  Kemp,  Cont. 
Geol.  Dcpt.  Columbia  Univ.,  vol.  11,  No.  93, 1903;  S.  F.  Emmons,  Bull.  U.  8.  Oeol.  Survey  No.  213, 1003, 
p.  W;  and  T.  T.  Read,  Eng.  and  Mln,  Jour.,  vol.  79, 1905,  p.  985. 

*  H.  L.  Wells  and  S.  L.  Penfleld,  Am,  Jour.  Sci.,  4th  ser.,  vol.  13, 1902,  p.  €5. 
7  Eng.  and  Min.  Jour.,  vol.  79, 1905,  p.  127. 

*  Jour.  Canadian  Min.  Inst.,  vol.  8, 1905,  p.  192.  Memoir  on  the  distribution  of  the  platinum  metals 
in  other  sources  than  placers.  On  platinum  and  palladiimi  in  blister  copper,  see  A.  Eilers,  Bull.  Am, 
Inst.  Min.  Eng.,  No.  78, 1913,  p.  999.    In  graywacke,  P.  Krusch,  Metall  u.  En,  vol.  11, 1914,  p.  545. 

» Zeltschr.  prakt.  Ocologie,  1902,  p.  258. 

"  Eng.  and  Min.  Jour.,  vol.  77, 1904,  p.  280. 

"  According  to  W.  Baragwanath  (Bull.  Geol.  Survey  Victoria,  No.  20, 1906),  plutinura  is  found  in  the 
Thomson  River  copper  mine  in  a  hornblende  rock  rich  in  chalcopyrite. 

»«  Rec.  Geol.  Survey  New  South  Wales,  vol.  8, 1909,  p.  287,  and  vol.  9, 1916,  p.  127. 

»  Work  done  in  the  laboratory  of  the  U.  S.  Geological  Survey.  On  the  Goodsprings  deposit,  see  A. 
Knopf,  Bull.  U.  S.  Geol.  Survey  No.  620-A,  1915,  and  L.  A.  Palmer,  Min.  Eng.  Jour.,  vol.  102, 1916,  p.  123. 
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VANADIUM    AND    URANIUM. 

Although  vanadium  and  uranium  are  chemically  unlike,  they  occur 
together  in  one  of  their  important  ores,  and  are  therefore  considered 
together  in  this  section.  Vanadium  is  a  member  of  the  phosphorus 
group  of  elements ;  turanlum  is  more  akin  to  molybdenum  and  tung- 
sten, and  the  two  metals  are  also  magmatically  opposed.  Vanadimn 
is  most  common  in  ferromagnesian  rocks,  while  uranium  minerals 
occur  more  frequently  in  granites  and  pegmatites. 

Vanadium  is  reckoned  among  the  rarer  elements,  and  yet  it  is 
widely  diffused.  Traces  of  it  are  common  in  iron  ores,  especially  in 
the  titaniferous  magnetites,  and  it  is  found,  when  sought  for,  in  rocks 
of  nearly  every  class.*  W.  F.  HUlebrand,*  in  a  special  investigation, 
examined  57  igneous  rocks,  and  found  vanadium,  in  most  cases,  in 
weighable  proportions.  The  smallest  traces  were  in  persilicio  rocks, 
but  in  subsilicic  varieties  the  amoimt,  reckoned  as  V^O,,  frequently 
ran  as  high  as  0.03  to  0.05  per  cent.  In  the  ferromagnesian  minerals 
separated  from  some  of  the  rocks  the  proportion  of  vanadium  was 
even  higher,  in  one  biotite,  for  example,  reaching  0.127  per  cent  of 
V2O3.  Hillebrand  also  foimd  vanadium  in  slates  and  in  other  sedi- 
mentary rocks.  A  composite  of  253  sandstones  gave  0.003,  and 
another  of  498  limestones  gave  0.004  per  cent  of  vanadious  oxide. 

H.  Sainte-Claire  DeviUe  '  foimd  vanadium  in  French  bauxite,  in 
cryolite,  and  in  rutile.  P.  Beauvallet  *  detected  it  in  a  French  clay. 
In  bricks  made  from  a  clay  found  near  Sydney,  Australia,  according 
to  E.  H.  Rennie,^  vanadium  is  present  to  a  perceptible  amoimt. 
Other  Australian  clays  and  shales  gave  J.  C.  H.  Mingaye*  similar 
results.  He  also  foxmd  vanadium  in  the  ash  of  coals  and  in  the  oil- 
bearing  shales  of  Scotland.  E.  Bechi  ^  reports  vanadium  in  clays, 
schists,  and  the  ashes  of  plants,"  and  C.  Baskerville  *  foimd  it  in  tiie 
ashes  of  peat  from  North  Carolina.  A.  Jorissen  **  discovered  it  in 
delvauxite,  which  is  a  hydrous  phosphate  of  iron. 

>  See  A.  A.  Hayes,  Proc.  Am.  Acad.  Arts  and  Sci.,  vol.  10, 1875,  p.  204.  Hayes  found  Tanadiomlnmany 
rocks,  and  also  in  the  waters  of  Brookline,  ICass.  Arsenic  and  vanadium  bave  been  detected  in 
tbc  underground  waters  of  Bell-Ville,  Argentina.  See  A.  A.  Bado,  BoL  Acad.  Nao.  Ciencias,  Argentina, 
vol.  23,  pt.  1 ,  1918,  p.  85.  For  determinations  of  vanadium  in  lavas  of  Vesuvius  and  Etna,  see  L.  Riodardi, 
Gasz.  chim.  ital.,  vol.  13, 1883,  p.  2j9.    Scattered  determinations  are  numerous. 

s  Bull.  U.  S.  Geoi.  Survey  No.  167, 1900,  p.  49.  See  also  J.  H.  L.  Vogt,  Zeitscbr.  prakt.  Oeologle.  1899, 
p.  274,  on  the  distribution  of  vanadium  in  rooks.  W.  Pollard  (Summ.  Prog.  Geol.  Survey  Great  Britain, 
1902,  p.  60)  has  found  vanadium  in  a  number  of  rocks.  On  vanadium  in  tbe  Stassfurt  salt  clay  see  £.  Marcus 
and  W.  Blitz,  Zeitscbr.  anorg.  Chcmie,  vol.  68, 1910,  p.  91. 

<  Annalescbim.  pbys.,  3d  ser.,  vol.  61, 1861,  pp.  309, 342.  See  also  L.  Dieulafait,  Compt.  Bend.,  vol.  93, 
1881,  p.  804. 

*  Ck>mpt.  Rend.,  vol.  49, 1859,  p,  301. 

*  Proc.  Roy.  Soc.  New  South  Wales,  vol.  17, 1883,  p.  133.  He  cites  similar  examplesfrom  otlMraiiUiori- 
tie.1. 

*  Rec.  Qeol  Survey  New  South  Wales,  vol.  7, 1903,  p.  219. 
^  Atti  R.  accad.  Lincel,  3d  ser.,  vol.  3, 1879,  p.  403. 

'See also  E,  Demar^ay,  Compt.  Rend.,  vol.  130, 1900,  p.  91. 
'Jour.  Am.  Chem.  Soc.,  vol.  21,  lS99,p.  70ft. 
"AnnaJes  8oc.  gt«oi.  Belgique,  vol.  6, 1878-7«,  p.  4\. 
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A  still  more  remarkable  occurrence  of  vanadium  was  noted  by  J.  J. 
Kyle  ^  in  a  lignite  from  San  Rafael,  Province  of  Mendoza,  Argentina. 
The  coal  yielded  only  0.63  per  cent  of  ash,  but  the  latter,  upon  analy- 
sis, was  found  to  contain  38.22  per  cent  of  V3O5,  together  with  sili- 
cates and  sulphates  of  other  metals.  In  a  similar  coal,  probably 
from  the  same  region,  A.  Mourlot  *  obtained  38.5  per  cent  of  V,()» 
from  the  ash ;  and  in  another,  from  Yauli,  Peru,  Torrico  y  Meca  • 
discovered  38  per  cent.  The  ash  of  a  grahamite  from  near  Page, 
Oklahoma,  analyzed  in  the  laboratory  of  the  United  States  Geo- 
logical Survey  by  R.  C.  Wells,  contained  12.2  per  cent  of  VjOg. 
In  the  ash  of  an  asphalt  from  Nevada  the  same  chemist  found  nearly 
30  per  cent,  and  in  the  ash  of  Trinidad  manjak  B.  Salkover  found  0.52 
per  cent  of  vanadium.  These  ash  analyses,  taken  together  with  the 
finding  of  vanadium  in  the  ashes  of  wood  and  peat,  suggest  that  plants 
have  played  some  part  in  the  concentration  of  vanadium.  Other 
evidence  of  similar  purport  will  be  cited  later. 

The  definite  minerals  containing  vanadium  as  an  essential  con- 
stituent are  not  very  numerous.  Some  of  them,  vanadates  of  lead, 
such  as  vanadinite  and  descloizite,  were  mentioned  in  a  previous 
section  of  tfiis  chapter.  Volborthite  and  calciovolborthite  are  vana- 
dates of  copper,  with  other  bases,  and  pucherite  is  a  vanadate  of  bis- 
muth. Mottramite,  a  vanadate  of  copper  and  lead,  foxmd  at  Alderley 
Edge,  in  England,  has  had  some  significance  as  a  workable  ore.  It 
occurs  as  an  impregnation  in  Keuper  sandstone.^  A  Mexican  variety 
of  descloizite,  ramirite,^  has  also  been  conmiercially  exploited.  These 
vanadates,  with  the  exception  of  mottramite,  occur  principally  in 
metalliferous  veins;  and  A.  Ditte*  attributes  their  formation  to 
percolating  vanadiferous  waters  acting  on  other  compounds,  most 
conmionly  the  compounds  of  lead.  The  so-called  vanadic  ocher  is 
doubtful. 

A  sulpho vanadate  of  copper,  sulvanite,  CU8VS4,  is  found  in  South 
Australia.^  At  Minasragra,  near  Cerro  de  Pasco,  Peru,  another  sul- 
phide of  vanadium,  patronite,  is  found,  associated  with  pyrite,  in  a 
carbonaceous  substance  resembling  a  coal  but  abnormally  rich  in 
sulphur.**  This  occurrence  may  well  be  correlated  with  the  other 
discoveries  of  vanadium  in  the  ash  of  coal;  and  the  sulphates,  equiva- 

» Chem.  News,  vol.  66, 1892,  p.  211. 

«  Compt.  Rend.,  vol.  117, 1883,  p.  546. 

>  Abstract  from  a  Peruvian  origixial,  in  Joor.  Chem.  Sec.,  vol.  70,  pt.  2, 1896,  p.  252.    For  more  details, 
see  D.  F.  Hewett,  Bull.  Am.  Inst.  Min.  Eng.,  1909,  p.  291. 

<  See  H.  E.  Roscoc,  Proc.  Roy.  8oc.,  vol.  25, 1870,  p.  111. 

&  See  O.  de  J.  Caballero,  Mem.  Soc.  cient.  Ant.  Alzate,  vol.  20, 1903,  p.  87. 

•  Compt  Rend.,  vol.  138, 1904,  p.  1303. 

» See  O.  A.  Qoyder,  Jour.  Chem.  Soc.,  vol.  77, 1900,  p.  1094. 

8  See  D.  F.  Hewett,  Eng.  and  MIn.  Jour.,  vol.  82, 1906,  p.  3S5:  and  J.  J.  Bravo,  Inform,  y  Mem.  Bol. 
Soc.  ingen.  minas,  Lima,  vol.  8, 1906,  p.  171.    For  a  later  and  much  more  complete  description  of  the 
sulphide,  patronite,  and  Its  associated  minerals,  see  W.  F.  Hillebrand,  Am.  Jour.  Sci.,  4th  set.^  vol.lA^ 
1907,  p.  141.    The  bituminous  matrix  he  names  quisqueite. 
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lent  to  13.70  per  cent  of  SO^  found  by  Kyle  in  his  analysis,  may^ow 
that  he  too  had  originally  a  sulphide  to  deal  with  which  was  oxidiaed 
during  combustion.  Associated  with  and  derived  from  patronite  are 
the  calcium  vanadates  hewettite,  pascoite,  and  femandinite,  a  vana- 
dium sulphate,  minasragrite^  and  other  alteration  products.^ 

The  rare  mineral  ardennite  is  a  vanadio-silicate  of  manganese  and 
aluminimi.  Roscoelite  appears  to  be  essentially  a  muscovite  in  which 
vanadium  has  partly  replaced  aluminum.'  It  contains  about  24 
per  cent  of  V3O3.  In  a  green  sandstone  from  Placerville,  Colorado, 
W.  F.  Hillebrand '  found  3.60  per  cent  of  V3O3,  which  was  present  in 
a  replacement  of  the  original  calcareous  cement.  The  green  mineral, 
isolated^  contained  12.84  per  cent  of  ¥,0,  and  was  apparently  a 
variety  of  roscoeUte,  or  else  a  closely  related  compound. 

The  metal  uranium  is  much  less  abundantly  diffused  than  vana- 
dimn.  It  is  found  in  a  number  of  rare  minerals — phosphates,  arse- 
nates; sulphates,  carbonates,  and  silicates — ^which  are  all  of  secondary 
origin.  Autunite,  a  phosphate  of  uranium  and  lime,  is  not  uncom- 
mon in  the  form  of  yellow  scales  on  granite  or  gneiss,  but  the  other 
species  are  much  less  frequently  seen.  A  niunber  of  other  minerals, 
samarskite,  euxenite,  etc.,  are  columbates  or  tantalates  containing 
uranium,  and  these  are  primary  constituents  of  pegmatite. 

The  only  uranium  ores  of  any  importance  are  uraninite  or  pitch- 
blende and  camotite.  Uraninite  is  foimd  crystallized  in  pegmatites, 
and  also  massive  in  metalliferous  veins,  as  at  Joachimsthal,^  in 
Bohemia,  and  Johanngeorgenstadt,  in  Saxony.  It  varies  much  in  com- 
position, so  much  so  that  different  modifications  of  it  have  received 
different  names,  such  as  cleveite,  nivcnite,  broggerite,  etc.  The  fol- 
lowing analyses,  by  W.  F.  Hillebrand,^  will  serve  to  illustrate  the 
variations. 


»  On  hewettitb  and  pascoite  see  W.  F.  Hillebrand,  H.  E.  Merwin,  and  F.  E.  Wright,  Proc.  Am.  rWTos. 
80c.,  vol.  53, 1914,  p.  31.  Tho  two  other  8p«cies  are  described  by  W.  T.  8challer,  Jonr.  WasUngiton  Acad. 
Sci.,  vol.  5,  1915,  p.  7. 

«  Bull.  U.  S.  Ocol.  Survey  No.  167, 1900,  p.  73. 

«  Bull.  U.  8.  Oeol.  Survey  No.  262, 1905,  p.  18. 

*  On  the  Joachlmsthal  ores,  see  Jand{^  Oesterr.  Zcitschr.  Berg-  a.  Hdttenw.,  vol.  50,  p.  283;  also  J.  St£p 
and  F.  Beckc,  Zeltschr.  prakt.  Oeologie,  1905,  p.  148.  R.  Pearce  (Proc.  Colorado  Bci.  Soc.,  vol.  5, 1895, 
p.  156)  has  described  the  occurrence  of  uraninite  in  a  mine  near  Central  City,  Colorado.  On  uraainm  oxw 
in  German  East  Africa,  sco  W.  Marckwald,  Centmlbl.  Min.,  Ocol.  u.  Pal.,  1906,  p.  761. 

»  So©  Bull.  V.  S.  Ocol.  Survey  No.  78, 1891,  p.  43,  and  No.  90, 1892,  p.  23,  for  details;  also  Boll.  No.  280; 
1903,  pp.  1 11-11 4.  22  analyses  in  all  are  given.  On  the  pitchblende  of  Joacfaimsthal  see  R.  Jaffe,  Zeltschr. 
prakt.  Geologie,  1912,  p.  425. 
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AncUyscs  of  vxaninite. 


A.  Hale^  qoany,  Qlastoabary,  CoanACticut. 

B.  Near  Central  City  or  Blackhawk,  Colorado. 

C.  JohaDnseoTgenstadt,  Baxony. 


D.  Nivmite,  Llano  County,  Tozas. 

E.  BrOggerite,  AnnerM,  Norway. 

F.  Clevette,  Arendal,  Norway. 


A 

B 

c 

B       f 

E 

F 

uo, 

26.48 

57,43 

9.79 

.25 

25.26 
58.51 

"'".'22' 
7.59 

22.33 

59.30 

None. 

None. 

None. 

None. 

None. 
.20 
.21 

20.89 

44.17 

&69 

.34 

.34 

2.36 

9.46 

30.  63 

46.13 

6.00 

.18 

.06 

.27 

1.11 

41.71 

uo. 

24.  18 

ThO^ 

CeO^ 

ZrO- 

3.  0« 

(La,  DiLO, 

.13 
.20 

(Yt,  Er)-Oa 

9.76 

A1203 

Fe,0, 

.40 

"".32* 
.70 
.44 

.14 

.25 

.03 

Feb.' 

PbO 

3.26 

6.39 

10.08 

9.04 

10.54 

ZnO : 

CuO 

.17 
.09 

1.00 
.17 
.75 
.75 
.31 
.19 
.06 

2.34 
Trace. 

3.17 
.50 

MnO 

Trace. 
.08 

.16 

.84 

Trace? 

OaO 

.32 

.37 
Trace. 

1.06 

MgO 

.10 

B^Oo 

V-0.,  MoOa,  WO, 

Trace. 

Trace? 

Traces. 

.23 

SO, 

pA 

.22 
.43 
.02 
1.96 
2.79 
.12 
.24 

.02 

aLo, 

H?..' 

Undet. 
.61 
.16 

.08 

1.48 

.46 

.17 
.74 
.22 

Undet. 

HjO 

1.23 

siOo :... 

.90 

CuFeSa 

FeSj 

Insoluble 

.70 

1.47 

4.42 

1.10 

99.49 

99.82 

97.  93 

98.28 

99.61 

94.50 

From  these  analyses  no  single  definite  formula  can  bo  deduced. 
The  uranium,  it  is  clearly  seen,  exercises  a  double  function,  acid  and 
basic,  the  latter  being  represented  by  the  radicle  uranyl,  UO,.  With 
this  base  other  bases  are  variably  present — thoria,  zirconia,  the  rare 
earths,  and  oxide  of  lead,  sometimes  one  and  sometimes  another  pre- 
dominating. There  are  also  impurities  of  several  kinds  which  can 
not  be  clearly  distinguished  from  essential  constituents,  and  some  of 
the  variations  may  be  due  to  incipient  alterations.  For  example,  the 
varying  ratios  between  UO3  and  UO3  may  be  ascribed  to  oxidation, 
the  increase  in  UO3  marking  stages  in  the  process  of  transformation 
of  uraninite  into  gummite,  a  well-known  alteration  product  of  pitch- 
blende. In  gummite,  which  is  a  hydrous  oxide  of  uranium*  plus 
other  bases,  with  from  61  to  75  per  cent  of  UO,,  the  final  transforma- 
tion of  uraninite  is  seen. 

From  a  physical  point  of  view  uraninite  is  an  extraordinary  min- 
eral. In  it  helium  was  first  discovered,  and  later  the  radioactive 
elements  polonium  and  radium.  Uranium  and  its  compounds  are 
themselves  radioactive,  but  radium  is  vastly  more  so;  and  the  latter, 

1  For  anal3rses  of  gummite,  see  H.  von  FouUon,  Neues  Jahrb.,  18S5,  pt.  1,  Ref.,  p.  21,  and  F.  A. 
Am.  Chem.  Jour.,  vol.  1,  1879,  p.  S9. 
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while  distinctly  an  element  so  far  as  its  chemical  characteristics  are 
concerned,  undergoes  disintegration^  yielding  a  series  of  emanations 
which  seems  to  end  in  the  production  of  helium.  Radioactivity^  then, 
appears  to  be  a  phenomenon  of  atomic  decay;  but  the  subject  is  one 
which  hardly  falls  within  the  scope  of  this  treatise.  For  the  present 
it  is  enough  to  say  that  the  chief  sources  of  radimn  to-day  are  in  the 
uraninite  of  Joachimsthal  and  in  camotite,  and  that  uranium,  itself 
is  the  progenitor  of  its  more  highly  active  companion. 

CamotitCy  which  is  essentially  a  vanadate  of  uraniiun  and  potas- 
sium, but  with  other  bases  present  also,  was  first  described  by  C. 
Friedcl  and  E.  Cumenge.^  It  is  foimd  as  a  canary-yellow  impregna- 
tion in  sandstone  in  western  Colorado  and  eastern  Utah.  The  former 
field  has  been  studied  by  W.  F.  Hillebrand  and  F.  L.  Ransome,' 
the  latter  by  J.  M.  Boutwell.'  An  outlying  region  for  camotite  in 
Rio  Blanco  Coimty,  Colorado,  has  also  been  described  by  H.  S.  Gale.^ 

The  following  analyses  of  camotite,  by  Hillebrand,  will  show  its 
general  character: 

Analyses  of  camotite. 

A.  Copper  Prince  claim,  Hoc  Oeek,  Montrom  Comity,  Colorado. 
I).  Yellow  Boy  claim,  La  Sol  Creek,  Montroee  County. 


vo, 

VA... 

P2q. 

A82O5. . . 

AlA--- 
FeM,.... 

CsX) 

SrO 

BaO 

MgO 

K^O.... 

Na^O.... 

LiaO 

H2O-. . 

ILO+.. 

PbO.... 

CuO 

M0O3... 

SiOa 

TiO 

co^: 

Insoluble 


99.25 


1  Compt.  Rend.,  vol.  12S,  1899,  p.  532.  Tyuyamunlte,  a  recently  described  mineral,  in  a  caldum  camo* 
tite,  originally  from  Siberia  but  also  found  in  Utah. 

*  Bull.  U.  S.  Geol.  Siu-vey  No.  262, 1905,  p.  9. 

»  BuU.  U.  8.  Geol.  Survey  No.  2G0, 1904,  p.  200. 

*  Bull.  U.  8.  Geol.  Survey  No.  315, 1907,  p.  110.  Gale  (Bull.  340, 1908,  p.  258)  has  alao  described  camotite 
from  Routt  County,  Colorado.  See  also  H.  Fleck  and  W.  G.  Haldane  (Rept.  State  Bur.  IfliMs,  1906-^  p. 
47)  on  the  uranium  and  vanadium  deposits  of  southern  Colorado.  Bull.  U.  8.  Bureau  of  Mines  No.  70^  by 
R,  B.  Moore  and  K.  L.  Kithil,  is  essentially  a  monograph  on  the  ores  of  vanadium  and  uraniiim.    The 

Colorado  ores  are  now  being  worked  as  a  sotircfi  ot  itiAtom.  Ou  camotite  from  Maoch  CSmnk,  Pemisyl- 
vania,  see  E.  T.  Wherry,  Am.  Jour.  Bd. ,  4ili  afcr. ,  'vo\. »,  \^V1, ^.  ^1\.  Oti^«aafitomi^«V|firia*ta  Colorado, 
Vtab,and  Mexico,  i>«e  F.  L.  Hess,  BuU.  U .  8.  GeoLBun^^  •»o.«»A'*^»'W^«'^<^A^  .^s\« 
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With  the  camotite  a  vanadiferous  silicate  also  occurs,  which  may 
be  akin  to  roscoelite.  Two  calcium  vanadates^  metahewettite  and 
pintadoite,  and  a  vanadate  of  uranium,  uvanitci  are  also  present.^ 

In  the  Utah  field,  as  described  by  Boutwell,  not  only  camotite,  but 
other  vanadates,  such  as  calciovolborthite,  are  found.  In  Wildhorse 
Canyon  a  black,  carbonaceous  sandstone  also  occurs,  in  which  vana- 
dium is  present.  This  recalls  the  occurrences  of  vanadium  in  coals 
elsewhere.  In  the  San  Rafael  Swell  the  camotite  is  found  principally 
on  or  near  the  fossil  remains  of  plants,  whose  oiganic  matter,  Boiit- 
well  suggests,  may  have  acted  as  precipitants  of  vanadium.  The 
same  association  with  fossil  wood  was  also  noted  by  Gale.  No  sul- 
phide of  vanadiimi,  however,  like  that  of  Peru,  has  yet  been  identified 
in  this  region.  Camotite  has  also  been  reported  by  D.  Mawson '  in 
the  pegmatite  of  "Radiimi  Hill,'*  South  Australia. 

In  some  experunents  upon  the  formation  of  tnese  ores  F.  B. 
Notestein'  has  shown  that  both  uranium  and  vanadium  are  pre- 
cipitated from  sulphate  solutions  by  calcite.  Their  common  associa- 
tion with  gypsum  is  explained  by  this  reaction. 

Uranium,  like  vanadium,  has  been  found  in  coal.  In  an  anthra- 
citic  bitumen  from  Sweden,  described  by  A.  E.  Nordenskiold,*  the 
ash  contained  about  3  per  cent  of  Vfig,  with  some  nickel  oxide  and 
rare  earths.  In  the  ash  of  Swedish  ''kolm,''  a  bituminous  coal,  H. 
Liebert,*  working  in  C.  Winkler's  laboratory,  foimd  from  1.68  to  2.87 
per  cent  of  UsOg.  An  anthracitic  mineral  from  a  pegmatite  vein  in 
the  Saguenay  district,  Canada,  yielded  J.  Obalski  •  2.56  per  cent  of 
uraniimi,  equivalent  to  36.43  per  cent  in  the  ash.  The  significance 
of  these  occurrences  remains  to  be  determined. 

COLUMBIUM,  TANTALUM,  AND  THE  HARE  EARTHS. 

• 

A  striking  feature  in  the  recent  development  of  chemical  indus- 
tries has  been  the  utilization  of  rare  elements  which  previously  had 
only  scientific  interest.  The  invention  of  incandescent  gas  lighting 
has  created  a  demand  for  several  of  these  substances,  and  that  reason 
alone  is  enough  to  justify  their  brief  consideration  here. 

Colimibium^  and  tantalum  are  acid-forming  elements,  whose 
typical  oxides  have  the  formulsB  CbjOg  and  TajO^.  They  enter  into 
the  composition  of  a  considerable  number  of  minerals,  which  are 

*  On  metahewettite  see  Uillcbrand,  Mcrwin,  and  Wright,  loc.  dt.  The  two  other  tpeaes  are  described 
'by  F.  L.  Hess  and  W.  T.  Schaller,  Jour.  Washington  Acad.  Sci.,  vol.  4,  1914,  p.  576.  On  the  origin  of 
camotite  see  Hess,  Econ.  Geology,  vol.  9,  1914,  p.  675. 

«  Trans.  Roy.  Soc.  South  Australia,  vol.  30,  190C,  p.  188. 
3  Econ.  Geology,  vol.  13, 1918,  p.  50. 

*  Compt.  Rend.,  vol.  116, 1893,  p.  C77. 

5  See  C.  Winkler,  Zcltscbr.  Kryst.  Min.,  vol.  37, 1903,  p.  287. 

*  Jour.  Canadian  Min.  Inst.,  vol.  7, 1904,  p.  245. 

»  Known  in  Germany  as  niobium.    The  name  co\umb\um  Yiaa  mox^  \.\^scti  V5i  i^wn?  ^bNssiJiN.^  ^5A.t^«x^\.^ 
the  otiginaJ  discovery  of  the  element  in  a  mineral  Irom  Xmcrlco^.  l^Vo\iVaTQ.\s  tVjrwAo^^:^^'^  \ns>5SEis»^— *- 
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found  principally  in  pegmatites.  ^Vmong  these,  coiumbite,  tantalite, 
samarskite,  and  euxenite  are  by  far  the  most  important.  Columbite 
and  tantalite  are  salts  of  iron,  FeCb,Oe  and  FeTasO,,  which  com- 
monly occur  more  or  less  isomorphously  commingled,  often  with 
manganese  partly  replacing  the  iron.  Metallic  tantalum^  has  recently 
been  utilized  as  a  substitute  for  the  carbon  filament  in  incandescent 
electric  lights,  and  tantalite  ia  the  chief  source  from  which  it  can  be 
obtained.'    The  supply  so  far  is  mainly  from  Scandinavian  localities. 

Zirconium  and  thorium  are  tetrad  metals  forming  oxides  of  the 
typo  KO,.  They  also  are  found  in  granitic  rocks,  and  zirconium 
compounds  are  almost  always  present  in  nepheline  syenites.  The 
chief  zirconiimi  mineral,  zircon,  ZrSiO^,  has  already  been  described 
in  the  chapter  upon  rock-forming  minerals.  The  mineral  baddeley- 
ite,  found  in  Ceylon  and  Brazil,  is  the  oxide,  ZrO,.  Eudialyte,  cata- 
ploiite,  and  the  zircon-pyroxenes  are  complex  silicates  containing 
zirconia.  Zircon  syenite  and  eudialyte  syenite  are  rare  but  well- 
known  rocks,  and  zircon  also  occurs,  though  not  conmionly,  in  con- 
tact limestones.  The  most  remarkable  American  locality  for  zircon 
is  near  Green  River,  in  Henderson  County,  North  Carolina,  where 
it  is  found  abundantly  in  a  decomposed  pegmatite  dike.  From  this 
source  many  tons  of  zircon  have  been  obtained. 

The  typical  thorium  mineral  is  also  a  silicate,  thorite,  ThSiO^. 
The  ideal  species,  however,  has  not  been  found,  for  the  actual  speci- 
mens are  always  more  or  less  altered.  The  chief  source  of  thoria, 
which  is  used  m  the  manufacture  of  mantles  for  incandescent  gas- 
burners,  is  from  monazite  sand,  in  which  the  thoriimi  compounds 
exist  as  variable  impurities.  Thoiianite,  a  thorium-uranium  oxide 
from  Ceylon,  is  noteworthy  for  being  richer  ui  helimn  than  any 
other  known  mineral.  like  uranium,  thorium  is  strongly  radio- 
active, and  so  are  its  compounds.^ 

In  the  group  of  elements  known  as  the  metals  of  the  rare  earths, 
the  following  members  have  been  identified:  Scandium,  yttrium, 
lanthanum,  cerium,  praseodymium,  neodymium,  samarium,  euro- 
pium, gadolinium,  terbium,  dysprosiimi,  erbium,  thulitun,  holmium, 
lutecium,  and  ytterbium.  Among  these  yttrium  and  cerium  may  be 
r^arded  as  the  type  elements,  and  they  are,  moreover,  the  most 
important.  In  the  mineral  kingdom  these  substances  occur  in  a 
large  number  of  compounds — ^fluorides,  carbonates,  silicates,  phos- 
phates, columbates,  and  tantalates,  minerals  which  are  found,  like 
the  other  species  mentioned  in  this  section,  principally  in  granite*^, 
gneisses,  and  pegmatites. 


»  Nativo  tantalum  has  been  reported  from  two  localities  in  Siberia  by  P.  Walthcr,  Natoro,  IWW,  p.  335, 
and  W.  von  John,  idem,  1910,  p.  308. 
'  See  WomcT  von  Bolton,  Zcitschr.  angow.  Chrmic,  1000,  p.  1537. 

'  For  an  clabonto  paper  on  tho  occuzronce  olVbad\miVxvX2&&ifiaau2i^\>s^xiQ29A^       J.  SeblUii^  Zdtsciir. 
angw,  Chemie,  1902,  p.  809. 
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Cerium,  which  is  always  accompanied  by  lanthanum,  neodymium, 
and  praseodymium,  is  obtainable  principally  from  three  minerals 
which  are  found  in  reasonably  large  quantities.  Cerite,  a  hydrous 
silicate  of  these  elements,  forms  a  bed  in  gneiss  at  Bastn&s,  Sweden. 
It  was  for  a  long  time  the  only  commercial  source  of  ceriimi  com- 
pounds. Allanite,  a  more  complex  silicate  of  cerium,  aluminum,  and 
other  bases,  is  also  abundant  enough  to  be  an  available  ore.  It  is 
not  a  very  rare  mineral,  and  a  notable  locality  for  it  is  on  Little 
Friar  Mountain,  Amherst  Coimty,  Virginia.^  Allanite  has  also  been 
found  associated  with  iron  ores,  as,  for  example,  with  the  magnetite 
of  Moriah,  near  Lake  Champlain. 

Monazite,  the  phosphate  of  cerium,  which  is  normally  CCPO4,  is, 
however,  the  chief  source  of  the  cerium  earths  at  the  present  day. 
It  is  obtained  for  commercial  pmposes  from  detrital  deposits  of 
monazite  sand,'  and  yields  both  ceiium  and  thorium  compoimds. 
Monazite,  the  allied  yttrium  phosphate,  xenotime,  and  allanite  have 
all  been  adequately  considered  in  the  chapter  upon  rock-forming 
minerals.     The  following  analyses  of  monazite  are  by  S.  L.  Penfield: ' 

Analyses  of  monazite. 

A.  From  Portland,  Connoclicut.     B.  From  the  sands  of  Brindletown,  North  Carolina.    C.  From 
Amelia  Court  Iloas?,  Virginia. 
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38.54 
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100.42 


Yttria  and  its  companions,  crbia,  terbia,  ytterbia,  etc.,  are  obtained 
for  the  most  part  from  gadolinite,  GljFeYtjSijOjo.  These  oxides, 
therefore,  are  sometimes  called  the  ''gadolinite  earths.''  The  type 
locality  for  this  species  is  Ytterby,  in  Sweden,  and  other  Swedish 
localities  have  yielded  the  mineral.  A  more  remarkable  occurrence 
of  gadolinite  ond  other  allied  minerals  is  at  Baringer  Hill,  Llano 
County,  Texas.  Here,  in  a  giant  pegmatite  containing  enormous 
crystals  of  quartz  and  feldspar,  gadolinite  is  found  in  large  crystals, 

»  Sec  J.  W.  Mallet,  Am.  Jour.  Sci.,  3d  ser.,  vol.  II,  1877,  p.  397. 

»  On  the  monazite  sand  of  North  Carolina,  see  H.  B.  C.  Nitre,  Bull.  North  Carolina  Gc^l.  Surrey  No.  9, 
1S98.  Abo  the  references  on  p.  356,  ante.  Nitzo  cites  37  analyses  of  monazite.  On  mona::ite  sand  in  tho 
tin-bearing  alluvium  of  tho  Malay  Peninsula,  sec  Bull.  Imp.  Inst.,  vol.  4, 19C6,  p.  3C1. 

•  Am.  Jour.  Sci.,  3d  ssr.,  vol.  24,  1882,  p.  250.    Th^  symbol  Di  represents  th?  eld  didymlunv,  v,V&s^\a. 
now  known  to  bo  a  mixture  of  neodymium,  pra.'>C!':dyi:iluiTi,stinwLTVvrDa.,«i\.^. 
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together  with  yttrialite,  thorogummite,  nifrenite,  fergusonite,  allanite, 
tengerite,  cyrtolite,  rowlandite,  mackintoshitei  and  yttrocrasite. 
Several  of  these  species  and  varieties  are  peculiar  to  this  locality.^ 

1  See  W.  E.  Hidden  and  J.  B.  llackintoih.  Am.  Jour.  Bd.,  8d  Mr.,  vol.  38, 1880,  p.  474;  Hidden,  Idem, 
Tol.  42, 1801,  p.  490;  Hidden  and  W.  F.  Hlllebrand,  idem,  toL  40, 1803,  pp.  96, 908;  HQleteand,  Idem,  4tii 
■er.,  roL  13, 1902,  p.  145;  Hidden,  idem,  toL  19, 1906,  p.  425;  Hidden  and  C.  H.  Wanen,  idem,  toL  22, 1906, 
p.  615. 


CHAPTER  XVL 

THE  NATURAL  HYDROCARBONS. 

COMPOSITION. 

Natural  gas,  petroleum,  bitumen,  and  asphaltum  are  all  essentially 
compounds  of  carbon  and  hydrogen,  or,  more  precisely,  mixtures  of 
such  compoimds  in  bewildering  variety.  They  contain,  moreover, 
many  impurities — sulphur  compounds,  oxidized  and  nitrogenous  sub- 
stances, etc. — whose  exact  nature  is  not  always  clearly  defined.  The 
proximate  analysis  of  a  petrolemn  or  bitumen  consists  in  separating 
its  components  from  one  another,  and  in  their  identification  as  com- 
pounds of  definite  constitution. 

All  the  hydrocarbons  fall  primarily  into  a  number  of  regular  series, 
to  each  of  which  a  generaUzed  formula  may  be  assigned,  in  accordance 
with  the  following  scheme: 

1.  CnHja+a-  6.  CnH2n-^. 

2.  Cnll^n.  7.   v>  11^211— 10* 

3.  Vii-U2ii— 2*  O.   V'n-'-^n— 12* 

4.  l^n-"2n-4*  ~~  • 

5.  CnH2n_^.  18.   C|,H2n-^. 

Members  of  the  first  eight  series  have  been  discovered  in  petroleum. 

These  expressions,  however,  have  only  apreUminary  value,  although 
they  are  often  used  in  the  classification  of  petroleums.  Each  one 
represents  a  group  of  series — homologous,  isomeric,  or  polymeric, 
as  the  case  may  be — and  for  precise  work  these  must  be  taken  sepa- 
rately. The  first  formula,  for  example,  represents  what  are  known 
as  the  paraffin  hydrocarbons,  which  begin  with  marsh  gas  or  methane, 
CH^,  and  range  at  least  as  high  as  the  compound  CjgH^j.  Even  these 
are  again  subdivided  into  a  number  of  isomeric  series — the  primary, 
secondary,  and  tertiary  paraffins — which,  with  equal  percentage  com- 
position, differ  in  physical  properties  by  virtue  of  differences  of 
atomic  arrangement  within  the  molecules.  Each  member  of  the 
series  differs  from  the  preceding  member  by  the  addition  of  the 
group  CHj,  and  also  by  the  physical  characteristics  of  greater  con- 
densation. Methane,  CH^,  for  example,  is  gaseous;  the  middle  mem- 
bers of  the  series  are  hquids,  with  regularly  increasing  boihng  points; 
the  higher  members  are  soUds,  fike  ordinary  paraffin.  These  hydro- 
carbons are  especially  characteristic  of  the  Pennsylvania  petroleums, 
from  which  the  following  members  of  the  series  have  been  separated.^ 

1  The  table  is  condensed  from  H.  Hdfer's  valuable  work,  Das  ErdOl,  2d  ed.,  Braunschweig,  1906,  pp.  58-fiO. 
A  third  edition  appeared  in  1912.  A  useful  treatise  on  asphalts  and  allied  substances  is  by  H.  Abraham, 
New  York,  1918. 

113750**— 19— Bull.  695 46  721 
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Paraffins/wm  Pennsylvania  petroleum. 


Name. 


Formula. 


1.  Gaseous: 

Methane 

Kthane 

Propane 

Butane 

2.  Liquid: 

Pentaiie 

llcxaue 

Heptane 

Octane 

Nonane 

I>ecane 

Endecani' 

Dodecane 

Tridecano 

Totradecauc 

Pentadecane 

Hezadecane 

3.  Solid: 

Octodecanc 

Eicoeane 

Tricosane 

Tetracosane 

Pentacosane 

Ilexacosane 

1  )ctocosane 

Nonocoeane 

Ileutriacontano. . . 

Dotriacontane 

Tetratriacontane . 
Pciitatriacontane  ^ 


Melting  point. 


"C. 
-186 
- 172. 1 


r»n„. . . . 

c,H,«. . .  - 
C7H,.. . . . 

C.H.,. . .  - 

^   10*";22-  •  •  • 

(\3H28.  .  .  - 
J^l*5» 

v*5*- — 


-    51 

-  31 

-  26 

-  12 


Boiling  point. 


-164 

-  84.1 

-  S7 

+  1 

37 

69 

98 
125 
150 
17S 
195 
214 


252 


C.J1 


54< 


'  281*48  • 


37 

48 
50-51 
53^^ 
55-56 

60 
62-83 

66 
67-68 
71-72 

76 


o  For  a  description  of  these  higher,  solid  paraffins,  sec  C.  F.  Mabcry,  Am.  Chcm.  Jour.,  vol.  33, 1906,  p.  151. 
Tho  literature  of  thes«  substancos  is  so  voiiuninoua  that  1  can  not  attempt  to  give  exlmiMtiTe  refaranoes. 
(\  Hell  and  r.  nagcle  (Ber.  Dcutsch.  chem.  Gcscll.,  vol.  22, 1889,  p.  5^1)  have  described  an  artificial  hydro* 
carUm,  C«aIIia. 

To  this  list  tho  isomeric  secondary  paraffins  isobutane,  isopentane, 
isohoxane,  Lsoheptane,  and  isooctane  must  bo  added,  and  even  then 
tho  list  is  probably  not  complete.  For  instance,  the  solid  paraffins 
C27H5<,  and  CjoH^  have  been  found  in  petroleum. 

Natural  gas  consists  almost  entirely  of  paraffins,  mainly  of  methane, 
with  quite  subordinate  impurities.  In  six  samples  from  West  Vir- 
ginia, analyzed  by  C.  D.  Howard,*  tho  total  paraffins  varied  between 
94.13  and  95.73  per  cent.  Methane  ran  from  79.95  to  86.48  per  cent 
and  ethane  from  7.65  to  15.09.  In  all  but  one  of  41  samples  of  natural 
gas,  mostly  from  Kansas  and  adjoining  States,  H.  P.  Cady  and  D.  F. 
McFarland  *  found  helium,  from  a  trace  up  to  1.84  per  cent,  together 
with  some  argon  and  neon.  E.  Czak6  '  also  found  helium  in  Euro- 
l)ean  gases. 

»  West  Virginia  Geol.  Survey,  vol.  lA,  1904,  p.  WG. 

»  Kansas  Univ.  Geol.  Survey,  vol.  9,  190S,  p.  22S.    See  also  Trans.  Kanj^as  Acad.  Sci.,  vol.  90,  t/K,  p-  tB, 
and  vol.21,  J  90S,  p.  Oi. 
'  DissartatioD,  Tech.  Ilochschulc,  Karlsruhe*  WU.    W-aoTw-V^Ya .  ■axuat^.  v>RRxri«.,NtA. «a,  1013,  p.  249. 
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Analyses  of  natural  gas.^ 

A.  From  Crei^toa,  Pennsylvania. 

B.  From  Pittsburgh,  Pennsylvania. 

C.  From  Baden,  Pcnnsylvanb. 

D.  From  Vaiicoiivor,  British  Columbia.  Analyses  A  to  D  by  F.  C.  Phillips,  Am.  Chem.  Jour.,  vol.  16, 
1804,  p.  40r>.    Selected  from  a  table  of  seventeen  analyses  to  show  extreme  variations. 

£.  Mean  of  four  gases  from  Indiana'and  three  from  Ohio,  analyzed  by  C.  C.  Uoward  for  the  UnltGd  States 
Go(dogIcal  Surv  cy.    Cited  by  W  J  McGoe,  Eleventh  Ann.  Kept.  U.  S.  Gcol.  Survey,  pt.  1, 1881,  p.  502. 

F.  From  Osawatamie,  Kansas.  From  a  table  of  seven  analyses  by  I'.  II.  S.  Bailey,  Kimsas  Univ. 
Quart.,  vol.  a,  1S95,  p.  1. 


A 

B 

^ 

D 

E 

F 

CH^...: 

1 

93.36 

97.63 

Paraffins^ 

96.36 

98.90 

87.27 

93.56 

CoH^  etc 

.28* 
.      .53 

.25 
1.76 
3.28 

.18 

.29 

.22 

CO i 

1.32 

CO., 

3.64 
None. 
None. 
None. 
None. 

.40 

None. 

.70 

None. 

None. 

.41 

None. 

12.32 

None. 

None. 

100.00 

.14 

None. 

6.30 

None. 
None. 

.22 

hY. 

None. 

N, 

.60 

H,s 

0, 

Trace. 

^-^2 

100.00 

100.00 

100.00 

99.93 

100.00 

o  Sec  also  C.  F.  Mabery^  Ana.  Chem.  Jour.,  vol.  18, 1896,  p.  215,  f  )r  analsrscs  of  gaa,  largely  methane,  from 

I  Redwood's  rotro- 
with  exeoUent  ref- 


uon  01  naiuiBi  gas,  see  li,  v;.  Aucn  ana  u.  .^.  Durreu,  i  ocn.  raper  \) .  ».  nur.  jnmcs  xno.  iv 
analyses  by  Burrciland  G.  O.  Oberfollare  in  U.  S.  Bur.  Mines,  Tech.  Pai>er  No.  109, 1015. 
b  Largely  CHi,  with  more  or  less  ethane.    CO  not  found  by  PniUiiJS. 

The  analyses  of  Pennsylvania  gases  by  S.  P.  Sadtler  *  gave  some- 
what different  results.  In  gas  from  four  different  wells  he  found, 
in  percentages,  CH^  60.27  to  89.65;  CjH,,  4.39  to  18.39;  and  IIj,  4.79 
to  22.50.  These  high  figures  for  hydrogen  are  unusual  and  suggest 
a  resemblance  to  coal  gas.  In  all  cases,  however,  methane  is  the  pre- 
ponderating constituent,  the  characteristic  hydrocarbon  of  natural 
gas.  In  the  natural  gas  of  Point  Abino,  Canada,  F.  C.  Phillips^ 
foimd  96.57  per  cent  of  paraffins  and  0.74  of  H^S. 

Hydrocarbons  of  the  form  CqHjq  arc,  as  constituents  of  petroleum, 
of  equal  unportance  to  the  paraffins.  These  again  fall  into  several 
indei)endent  series,  which  vary  in  physical  properties  and  in  their 
chemical  relations,  but  are  identical  in  percentage  composition.  One 
series,  the  olefines,  is  parallel  to  the  paraffin  series,  and  the  following 
members  of  it  are  said  to  have  been  isolated  from  petroleum.^ 

i  Second  Gool.  Survey  i^onnsylvania,  Kept.  I,  1876,  pp.  146-160.    SAdtter  cites  some  onalyies  by  otbcs 

chemists. 
«  Jour.  Am.  C  hem.  Svx;.,  vol.  20,  1S93,  p.  690. 
»  See  H.  Hofer,  Das  Erdol,  p.  65. 
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So-called  "  olefines ''  isolated  from  petroleum. 


Name. 


1.  Gaseous: 

Ethylene — 
Propylene... 
Butylene — 

2.  liquid: 

Amyleno 

Hexylene — 
Heptvlene... 

Octylene 

Nonylene — 
Decvlene — 
Uncfecylene. 
Duodecvlene 
Tridecylene. 
(■etene 

3.  Solid: 

('erotene 

Meleiie 


Formula. 


Cage. 


0«Hi2. 

CyHu. 

C,iH 
CtoH 


32 


12*±24' 

^20^40- 
5** 


Meltlnf  polDt. 


»c. 


BoOinc  point 


65-66 
62 


-103 

-  18 

-  5 

4-  35 

68 

98 
124 
153 
172 
195 
216 
232.7 
275 


This  tablo  is  probably  exact  iii  an  empirical  sense,  but  not  so  con- 
stitutionally. Hydrocarbons  of  the  indicated  composition  have  im- 
doubtodly  been  fomid,  and  some  of  them  are  certainly  olefines. 
According  to  C.  F.  Mabery/  however,  the  true  olefines,  tiie  "open- 
chain  ' '  series,  are  present  in  petroleum  at  most  in  very  small  amoxmts. 
In  Canadian  petroleum  Mabery  and  W.  O.  Quayle  ^  identified  hexyl- 
ono,  heptylene,  octylene,  and  nonylene.  In  other  cases,  and  notably 
in  the  Russian  petroleums,  the  compounds  CnH^a  are  not  olefines,  but 
cyclic  hydrocarbons  of  the  polymethylone  series,  which  were  origi- 
nally called  naphthenes.  They  were  at  first  supposed  to  be  derivatives 
of  the  benzene  series,  and  it  is  only  within  recent  years  that  their  true 
constitution  has  been  determined.  In  Russian  oils  they  are  the  prin- 
cipal constituents,  and  according  to  C.  F.  Mabery  and  E.  J.  Hudson ' 
they  also  predominate  in  California  petroleum. 

Members  of  the  series  from  C7H14  to  C^^Hjo  were  isolated  from  the 
California  material.  Mabery  and  S.  Takano  *  also  foimd  that  Japa- 
nese petroleum  consisted  largely  of  CaHja  hydrocarbons.  -  Other  sim- 
ilar occurrences  are  recorded  in  the  treatises  of  Hofer  and  Redwood.' 

The  series  CnHjn-a  is  often  called  the  acetylene  series,  after  its 
first  member,  acetylene,  CjHj.     The  lower  members  of  this  series 

I  Jour.  Am.  Chcm.  Soc.,  vol.  28, 1906,  p.  415.  An  important  summary  of  our  knowledge  relative  to  tbe 
composition  of  American  petroleums. 

«  Proc.  Am.  Acad.  Arts  and  Sci.,  vol.  41, 1905,  p.  89. 

•  Idem,  vol.  36, 1901,  p.  255. 

4  Idem,  p.  295. 

» In  vol.  2  of  Redwood's  great  work,  there  is  a  bibliography  of  petroleum  covering  neariy  6,006  titki. 
In  the  text  Redwood  gives  a  full  discussion  of  the  composition  of  various  petroleums,  and  ad  too  dflii  Hgier. 
Only  the  barest  outline  of  the  subject  can  be  ^{^ea  here,  and  that  must  presuppoaea  knowledge  on  the 
part  of  the  reader  of  elementary  organic  chem^aUv . 
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seem  not  to  have  been  found  in  petroleimi;  but  several  of  its  higher 
members  are  characteristic  of  oils  from  Texas,  Louisiana,  and  Ohio. 
In  oil  from  the  Trenton  limestone  of  Ohio,  Mabery  and  O.  H.  Palm  * 
found  hydrocarbons  having  the  composition  Ci^Ha^,  CajH^o,  CjaHoi 
and  €34114^.  With  these  compounds  were  members  of  the  CnHjn 
series  as  high  as  C17H34.  There  were  also  members  of  the  next  series, 
CnHn-4 — ^nam^ly,  C33H43,  C34H44,  and  C25H4^.  In  petroleum  from 
Louisiana,  C.  E.  Coates  and  A.  Best '  found  the  hydrocarbons  CuHa, 
and  C^Ha^.  These,  together  with  Ci^Hgo,  were  also  separated  by 
Mabery "  from  Texas  oils.  These  oils  'are  furthermore  peculiar  in 
containing  free  sulphur,  which  separates  out  in  crystalline  form.*  In 
petroleum  from  Santa  Barbara,  California,  Mabery"  discovered 
hydrocarbons  of  the  three  series  CJEL^n-^t  CnH2ii-4,  and  CnHan-*,  rep- 
resented by  the  formulae  Ci^B^^,  Ci^jHjo,  C17H30,  OigHaj,  C34H44,  G^lC^, 
and  C29H50.  A  remarkable  oil  from  the  Mahoning  Valley,  Ohio, 
according  to  Mabery ,•  consists  almost  entirely  of  hydrocarbons  of 
the  series  CnHn-2  aJ^d  CnHjn-i.     Paraffins  are  entirely  absent. 

Hydrocarbons  of  the  series  CnH^n-e,  the  '' aromatic '*  or  benzene 
series,  occur  in  nearly  all  petroleums,  but  in  usually  subordinate 
amoimts.  Their  empirical  formulae,  ignoring  the  existence  of  iso- 
meric compounds,  are  as  follows: 

Benzene C^H^ 

Tol  uene C^H, 

Xylene CgHj^ 

Cumene CgHj, 

Cymene O^oHj^ 

Etc. 

According  to  Mabery,^  Pennsylvania  petroleum  contains  small  prc>- 
portions  of  the  lower  members  of  this  series,  and  Mabery  and  Hudson  ■ 
found  larger  amounts  of  them,  especially  of  the  xylenes,  in  California 
oil.  Numerous  other  examples  are  cited  by  Hofer  and  Redwood,  but 
they  need  not  be  multiplied  here.'  Naphthalene,  CjoU,  is  the  only 
compound  of  the  series  CnHan-u  which  has  been  certainly  identified 

1  Am.  Chem.  Jour.,  vol.  33, 1905,  p.  251. 

3  Jour.  Am.  Cbcm.  See,  vol.  25, 1903,  p.  1153. 

s  Idem,  vol.  23, 1901,  p.  264.  See  alao  on  Texas  oils,  C.  Richardson  and  E.  C.  Wallace,  Jour.  See.  Chem. 
Ind.,  vol.  20, 1901,  p.  G90;  F.  C.  Thlele,  Am.  Chem.  Jour.,  vol.  22, 1899,  p.  489;  W.  D.  Phillips,  Bull.  Univ. 
Texas  No.  5,  1902;  C.  W.  Hayes  an^  W.  Kennedy,  Bull.  U.  S.  Oeol.  Survey  No.  212, 1903;  R.  T.  Hill, 
Trans.  Am.  Inst.  Min.  Eng.,  vol.  33, 1903,  p.  363;  and  N.  M.  Fenneman,  Bull.  U.  6.  Geol.  Survey  No.  282, 
1906.  Fenneman  describes  both  Texas  and  Louisiana  petroleums.  On  the  oomposition  of  Kansas  oils, 
see  F.  W.  Bushong,  Kansas  Univ.  Geol.  Survey,  vol.  9,  1906,  p.  303.  In  the  same  volume,  p.  187, 
E.  Haworth  discusses  the  origin  of  oil  and  gas. 

<SeoC.  Richardson  and  E.  C.  Wallace,  Jour.  Soc.  Chem.  Ind.,  vol.  21, 1902,  p.  316;  and  Thiele,  Chem. 
Zcitung,  vol.  26, 1902,  p.  896. 

»  Am.  Chem.  Jour.,  vol.  33, 1905,  p.  270. 

•  Jour.  Ind.  Eng.  Chem.,  vol.  6, 1914,  p.  101. 
'  Jour.  Am.  Chem.  Soc,  vol.  28, 1906,  p.  418. 

•  Proc.  Am.  Acad.  Arts  and  Sd.,  vol.  36, 1890,  p.  255. 

•  R.  Zaloziccki  and  J.  Hausmann  (Zeitschr.  ange^.  Che3nie,\Vn,'^.Vl^'^\AN^c:!i^K^^^^itn)^2tsi^^A^^^ 
richnesB  of  Rumanian  petroleum  in  aromatic  liydToctti\>OTi&. 
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in  petroleum.  It  was  found  by  C.  M.  Warren  and  F.  H.  Storer  *  in 
Rangoon  oil,  and  also  by  Mabery  and  Hudson  in  oil  from  California. 
In  one  of  Mabery  and  Hudson^s  distillations  of  crude  oil  so  muck 
naphthalene  was  present  that  the  distillate  became  solid  on  alight 
cooling.  Still  more  complex  hydiocarbons  have  been  foimd  in  petro- 
leum  residues,  but  it  is  possible  that  they  were  formed  during  the 
process  of  refining.  Tt  is  not  certain  that  they  were  present  in  the 
natural  oil.* 

In  many  petroleums  small  quantities  of  oxidized  bodies  are  con- 
tained, sometimes  complex  acids,  sometimes  phenols.  According  to 
Mabery,^  the  phenols  are  found  in  notable  proportions  in  some  CaU- 
fornia  oils  but  not  in  petroleum  from  the  eastern  part  of  the  United 
StaU\s. 

Nearly  all  petroleums  contam  nitrogen,  from  a  trace  up  to  1  per 
cent  and  over.  It  appears  to  exist  in  most  cases,  if  not  in  all,  in  the 
form  of  complex  organic  bases,  but  their  constitution  is  yet  to  be 
determined.  They  are  peculiarly  abundant  in  Califomia  oil,  in  which 
they  were  discovered  by  S.  F.  Peckham,*  and  Mabery*^  has  shown 
that  in  some  cases  they  constitute  from  10  to  20  per  cent  of  tlie  crude 
petroleum.  Mabery  isolated  compounds  of  this  class  ranging  from 
C12H17N  to  CiylLiX,  although  these  formula?  are  subject  to  some 
imcertainty. 

Petroleum  free  from  sulphur  is  extremely  rare,  but  the  amount 
of  this  constituent  is  commonly  very  small.  In  some  instances,  how- 
ever, the  sulphur  compounds  arc  annoyingly  abundant,  as,  for  exam- 
ple, m  the  Lima  oil  of  Ohio.  In  this  oil  Mabery  and  A.  W.  Smith  • 
foimd  normal  sulphides  of  the  paraffin  series  and  isolated  ten  com- 
pounds ranging  from  methyl  sulphide,  CjH^,  to  hcxyl  sulphide, 
CijHaeS.  In  Canadian  petroleum  Mabery  and  Quayle '  discovered 
another  series  of  sulphur  compoimds,  of  the  general  formula  CnH^aS, 
which  they  named  thiophanes.  Eight  members  of  this  series  were 
described,  between  C7H14S  and  CigHaeS.  Other  sulphur  compounds 
have  been  mentioned  as  occasional  admixtures  in  petroleum,  and  the 
occurrence  of  free  sulphur  in  Texas  oil  has  alreai^ly  been  noted." 

»  Mem.  Am.  Acad.  Arts  and  Sci.,  2d  scr.,  vol.  9,  1SG5,  p.  208.  • 

s  For  data  and  references,  see  Hofex,  Das  Erd^l,  p.  74. 

>  Jour.  ^Vzn.  Chcm.  See.,  vol.  2S,  1906,  p.  50G. 

«  Am.  Jour.  Sci. ,  3<1  scr.,  vol.  48,  ISW,  p.  250. 

•Jour.  Soc.  Chem.  Ind.,  vol.  19, 1900,  p.  505.  F.  X.  Bandrowsky  (Uonatsh.  Chcmio,  vol.  8, 18S7,  p.  234) 
and  A.  Wollcr  ( Der.  Deutsch.  chcm.  Oesell.,  vol.  20, 18S7,  p.  2097)  have  detected  nitrogenous  htats  in  Eu- 
ropean oils. 

•  Am.  Chem.  Jour.,  vol.  13, 1891,  p.  233. 

'  Pioc.  Am.  Acad.  Arts  and  ScL,  vol.  41,  1005,  p.  89.  A  paper  by  R.  ICnyscr,  publidied  Ib  1807,  con- 
tains data  relative  to  sulphur  compounds  in  Syrian  asphalt  oils.  I  have  not  bocn  able  to  consult  his 
orl;^naI  memoir.  Cited  by  W.  C.  Day  in  Jour.  Franklin  Inst.,  vol.  140, 1805,  p.  221,  and  also  Ib  KAUn's 
treatise  on  asphalt. 

«  On  sulphur  in  Califomia  iwtrolcum.  see  3.  I',  i'cckhan,  Proc.  Am.  Philos.  Goc.,  vol.  Si,  WK,  p.  108. 
Also  S.  F.  and  H.  E.  I'cckham,  Jour.  Soc.  Chcm.  Ind.,  vol.  IG,  1897,  p.  090,  on  tho  sulpliHr  aodBtoDt  of 
bltamens.  On  the  specific  gravity  of  sulphur  oils  see  Q.  S.  Rogers,  Trans.  Am.  Inst.  Mlii.  Rag»  vol.  A, 
1917,  p.  060. 
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In  many,  perhaps  in  all  gas  and  oil  fields  the  gas  or  oil  is  accom- 
panied by  deep-seated  waters,  which  often  approach  ocean  water  in 
composition,  although  modified  by  local  conditions  and  differing  in 
concentration.  Such  waters  are  variously  interpreted — sometimes  as 
fossil  soa  water,  which  was  entrapped  in  the  original  sediments,  and 
sometimes  as  derived  by  leaching  from  beds  of  salt.  These  waters 
have  not  receiTed  as  yet  the  exhaustive  study  which  they  deserve, 
although  there  is  a  moderate  amount  of  literature  with  reference  to 
them.  G.  S.  Rogers,*  for  example;  has  studied  the  oil-field  waters 
of  San  Joaquin  Valley,  California,  and  has  found  that  as  the  oil  zone 
is  approached  the  sulphates  diminish  in  amount  and  sulphides  appear 
showing  that  reduction  has  occurred.  In  the  siurf  ace  waters  sulphates, 
calciimi  and  magnesium  predominate;  chlorides  and  sodium  are  more 
conspicuous  in  the  deeper  flow.  The  investigation  is  being  continued 
and  may  help  to  shed  more  light  upon  the  vexed  problem  of  the 
origin  of  petroleum. 

Between  hquid  petroleum  and  soUd  asphalt  there  are  numberless 
intermediate  substances.  Indeed,  there  is  no  distinct  break  in  the 
continuity  of  the  series  from  natural  gas  to  bitmninous  coal.^  The 
latter  contains  solid  hydrocarbons  of  imdetermined  character,  which 
break  up  imder  the  influence  of  heat,  yielding  coal  gas  and  various 
tarry  products.  Some  of  the  heavier  hydrocarbon  mixtures  are  vis- 
cous, pasty  semifluids;  others  are  black,  brittle  solids,  which  resem- 
ble coal  in  their  outward  appearance.  Albertite,  grahamite,  uintaite, 
and  the  so-called  *' pitch  coar*  of  Oregon  are  familiar  examples  of 
these  soUd  forms. 

Many  of  the  sohd  hydrocarbons  have  been  described  as  mineral 
species  and  given  specific  names.^  Schcererite,  fichtelite,  konlite, 
hatchettite,  ozokerite,  zietrisikite,  elaterite,  hartite,  napahte,  tab- 
byite,  etc.,  are  among  the  substances.  They  vary  widely  in  compo- 
sition, being  commonly,  if  not  in  all  cases,  mixtures,  and  they  repre- 
sent different  series  of  hydrocarbons.  They  also  occur  under  widely 
differing  conditions,  indicating  genetic  distinctions.  Some  are  found 
in  coal  in  such  a  way  as  to  show  their  derivation  from  vegetable 
resins;  others  appear  to  be  inspissated  petroleums;  others  again  are 
associated  with  metaUic  ores,  and  are  seemingly  of  solfataric  origin. 
Napalitc,  for  example,  is  found  with  ores  of  mercury  in  California, 
and  the  oxygenated  compoimd  idriahto  occurs  under  similar  condi- 
tions in  the  quicksilver  mine  of  Idria.^  Most  of  these  substances  are 
found  in  small  quantities,  and  are  so  imperfectly  described  that  they 

1  Bull.  U.  S.  Gcol.  Survey  No.  Co3, 1917.    See  also  R.  O.  Ncal,  Bull.  Am.  Insl.  Mln.  Eng.,  Jan.,  1919,  p.  1. 

*  This  continuity,  and  tho  probable  commaaity  of  origin  is  emphasized  by  Mabery,  Jour.  Ind.  Eng. 
Chcm.,  vol.  0, 1914,  p.  101.    See  also  David  White,  Jour.  Washington  Acad.  Sci.,  vol.  5, 1915,  p.  189. 

>  See  Dana,  System  of  mineralogy,  eth  ed.,  pp.  995-1024. 

*  Bitumen  is  also  common  in  the  New  Almaden  mines.  Its  association  with  the  lead  and  zinc  ores  of 
ICissouri  and  with  the  copi)cr-bcaring  shales  of  Man£feld,  Germany,  is  an  occurrence  of  a  different  order, 
with  which  solfataric  action  has  nothing  to  do. 


728  DATA  OF  G£OCHSMISTBT. 

need  no  detailed  consideration  here.  Others,  like  ozokerite,  alber- 
tite,  grahamite,  uintaite,  and  the  various  asphaltums  and  bitum^is, 
occur  in  large  deposits  and  are  of  conunercial  significance. 

Ozokerite,  for  instance,  is  an  important  source  of  parafiin.  In 
fact,  it  appears  to  consist  laigely  of  the  higher  hydrocarbons  of  the 
paraffin  scries,  although  some  varieties  probably  contain  compounds 
of  the  form  CnH^n.  In  Caucasian  ozokerite  F.  Beiktein  and  £. 
Wiegand*  foimd  a  hydrocarbon  to  which  they  gave  the  name  lekene, 
and  which  appears  to  be  a  polymer  of  CH,.  In  the  ozokerite  of 
Utah^  paraffin  predominates,  of  composition  between  CjgH,,  and 
CjftHjj. 

Uintaite,  or  gilsonito,'  is  another  black,  brittle,  lustrous  mixture 
of  hydrocarbons  found  in  the  Uinta  Moimtains,  Utah.  Another 
similar  mineral  from  Utah  was  named  "wurtzilite  by  W.  P.  Blake/ 
The  exact  nature  of  these  hydrocarbons  is  yet  to  be  determined.  The 
same  remark  may  be  applied  to  the  albertite^  of  New  Brunswick, 
the  grahamite*  of  West  Virginia,  the  ''pitch  coal'''  of  Coos  Bay, 
Oregon,  and  other  like  substances.  The  albertite  and  grahamite 
fill  veinlike  fissures  in  the  coimtry  rock,  into  which  they  were  pos- 
sibly injected  when  fluid.  These  hydrocarbons,  it  should  be  observed, 
are  fusible,  therein  differing  from  coal.  They  are  also  variably 
soluble  in  organic  solvents.  Their  origin  is  obscure.  Some  authors 
attribute  them  to  the  oxidation  of  lighter  oils;  others,  like  S.  F. 
Peckham  *  regard  them  as  residues  from  a  natural  distillation  of 
petroleum.  The  oxidation  theory  is  borne  out  by  the  fact  that 
grahamite,  according  to  White,  contains  13.5  to  14.7  per  cent  of 
oxygen,  while  W.  C.  Day  found  14.61  per  cent  in  the  Or^on  mineral. 
Furthermore,  W.  P.  Jenney,'  by  aspirating  heated  air  through  Penn- 
sylvania petroleum  for  several  hours,  partially  converted  the  oil 
into  a  substance  resembling  grahamite.     In  this  experiment,  obvi- 

»  Ber.  Dcut'wh.  chem.  (lesell.,  vol.  10,  1883,  p.  1M7. 

•  On  Utah  ozokerite,  see  J.  8.  Newberry,  Am.  Jour.  Sd.,  3d  j«r.,  vol.  17, 1879,  p.  840;  and  A.  N.  Seal,  Joop- 
Franklin  Inst.,  vol.  130, 1800,  p.  402.  A  monograpbio  paper  on  ozokerite  by  E.  B.  OoaUng  (School  of  Mines 
Quart.,  vol.  ir>,  1894,  p.  41)  contains  a  bibliography  of  the  mineral.  Dcr  Erdwachsborgbau  in  Boryslaw, 
by  J.  Muck,  Berlin,  1903,  is  an  important  monograph  on  orokerite. 

s  Uintaito  has  priority,  but  gilsonite  is  the  name  most  commonly  usod.  On  this  Utomen  8M  J.  If* 
Locke,  Trans.  Ann.  Inst.  Min.  Eng.,  vol.  17, 1887,  p.  162;  R.  W.  Raymond,  idem,  vol.  IS,  1888,  p.  IIS;  W.  P. 
Blake,  idem,  vol.  18, 1890,  p.  563;  G.  H.  Stone,  on  Utah  and  Colorado  asphalts.  Am.  Jour.  ScL,  8d  ser., 
vol.  42, 1801,  p.  148;  and  G.  H.  Eldridge,  Seventeenth  Ann.  Rept.  U.  8.  Geol.  Survey,  pt.  1,  ISBt,  p.  915, 
and  also  Bull.  No.  213,  1903,  p.  296.  A  chemical  investigation  of  gllsonite  by  W.  C.  Day  is  reported  in 
Jour.  Franklin  Inst.,  vol.  140, 1895,  p.  221. 

«  Trans.  Am.  Inst.  Min.  Rng.,  vol.  18,  1800,  p.  497;  Rng.  and  Min.  Jour.,  vol.  48,  1889,  p.  542;  vol.  49, 
1890,  p.  106. 

»  C.  n.  nitchoock.  Am.  Jour.  Scl.,  2d  ser.,  vol.  39, 1865,  p.  267;  and  8.  F.  Peckham,  idem,  vol.  48, 1869, 
p.  362. 

•  J.  P.  Lesley,  Proc.  Am.  Phllos.  Soc.,  vol.  9, 1863,  p.  183;  and  I.  C.  White,  Bull.  Geol.  8oc.  Ameiiea,  vol. 
10, 1896,  p.  277.  J.  P.  Kimball  (Am.  Jour.  Scl.,  3d  ser.,  vol.  12, 1876,  p.  277)  has  described  a  "grahamite" 
from  Mexico.    8ec  also  B.  Doss,  Centralbl.  Min.,  Geol.  u.  Pal.,  1914,  p.  609. 

'  W.  C.  Day,  Nineteenth  Ann.  Rept.  U.  8.  Geol.  Survey,  pt.  3, 1898,  p.  370. 
'  PocJdiam,  ioc.  cit.,  and  also  Am.  lour. &ci.,M sex., vol. 48, 1894,  p.  389. 

»Am.  Chemist,  vol.  5, 1875,  p.  359.    ¥ot  aaoalysea  olTwas  %i«^«aA\A^i^^.'\  .\>\nBX^t,*^ETsni,  Km.  lait. 
MJn.  Eng.,  vol  21, 1893,  p.  601. 
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onsly,  the  more  volatile  hydrocarbons  were  distilled  away.  The  two 
processes,  oxidation  and  distillation,  went  on  simultaneously. 

In  most  cases  the  solid  hydrocarbons  fomid  in  nature  are  not  given 
specific  names,  but  are  known  generically  as  asphalt  or  bitimien. 
The  pasty,  viscid  varieties  are  called  maltha.  There  are  also  mix- 
tures of  these  substances  with  the  material  of  sandstones,  shales,  and 
limestones,  forming  the  so^alled  asphalt  rocks,  from  which  oils  or 
tars  can  be  separated  by  distillation  or  melting. 

Asphalt  and  asphalt  rock  are  widely  diffused  in  nature,  being 
found  in  all  parts  of  the  world.  Probably  the  most  remarkable 
occurrence  of  asphalt  is  that  of  the  famous  ''Pitch  Lake"  in  Trini- 
dad, which  has  been  many  times  described — best,  so  far  as  chemical 
questions  are  concerned,  in  three  papers  by  Clifford  Richardson.^  Ac- 
cording to  Richardson,  the  ''lake^'  occupies  the  crater  of  an  old  mud 
volcano  or  geyser,  which  has  become  filled  with  ''pitch."  This  is  an 
emulsion  of  water,  gas,  bitumen,  with  some  other  organic  substances, 
ariU  mineral  matter.  The  gas,  which  is  continually  evolved,  consists 
principally  of  hydrogen  sulphide  and  carbon  dioxide.  The  water 
which  permeates  the  pitch  is  rich  in  saline  matter,  mainly  sodiiun 
chloride,  but  it  also  contains  small  quantities  of  borates  and  of 
ammoniacal  salts,  which  indicate  that  it  is  probably  of  volcanic  ori- 
gin.    An  analysis  of  the  purified  bitumen  gave  the  following  results: 

Analysis  of  Trinidad  bitumen. 

C 82.33 

H 10^69 

S 6: 16 

N L:..  .81 

99.99 

The  sulphur  content  of  this  material  led  to  an  investigation  of 
other  asphalts.  In  eighteen  hard  asphalts  the  sulphur  ran  from  3.28 
to  9.76  per  cent,  while  in  soft  asphalts  or  malthas  only  0.60  to  2.29 
per  cent  was  found.  This  leads  to  the  suggestion  that  sulphur  has 
been  active  in  hardening  the  bitumen;  that  is,  in  effecting  the  con- 
densation and  polymerization  of  the  hydrocarbons.*  Oxygen  may 
act  in  the  same  way,  but  is  eliminated,  after  union  with  hydrogen,  aa 

1  Jour.  Soc.  Chem.  Ind.,  vol.  17, 1808,  p.  13;  Rept.  Inspector  Asphalts  and  Cements,  Washington,  D.  C, 
year  ending  June  30, 1892;  Proc.  Am.  Soc.  Testing  Materials,  vol.  6, 1906,  p.  509.  See  also  N.  8.  Manross, 
Am.  Jour.  Scl.,  2d  ser.,  voL  20, 1855,  p.  153.  W.  Merivale  (Trans.  North  of  England  Inst.  Mech.  and  Min. 
Eng.,  vol.  47, 1888,  p.  1 19,  has  described  the  "  manjak  '*  of  Barbadoes,  an  asphalt  resembling  that  of  Trinidad. 
See  also  R.  W.  EUs,  Ottawa  Naturalist,  vol.  23,  1907,  p.  73.  A  recent  paper  by  Richardson  is  in  Jour. 
Phys.  Chem.,  vol.  19, 1915,  p.  241. 

'  A  well-known  method  -for  preparing  HfS  is  to  fuse  paraflAn  with  sulphur.  The  reaction  doubtless 
involves  a  union  of  the  residues  from  which  hydrogen  has  been  partially  withdrawn—that  is,  the  forma- 
tion of  a  more  condensed  hydrocarbon  molecule.  The  reaction  does  not  seem  to  have  been  exhaustively 
studied.  Some  artificial  *'asphalt8''  have  been  prepared  by  heating  petroleum  residues  with  salphur, 
and  a  similar  substance,  "byerlite,"  is  made  by  the  slow  distillation  of  such  residues  in  presence  at  «i&. 
The  latter  product  resembles  gllsonite.  See  C .  F .  Mabei^  «mA  ^ .  H .  ^i^tVs ,  >^xa-  ^Swsojl.  ^wa .,-^^^>»k 
JS06,  p.  141.   See  also  re/ersDces  to  the  sulpbui  proceeseft  \n  K(£>\)2iftx'%  i&niiio^«^>^  A\^« 
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water.  Richardson  concludes  that  the  bitumen  consists  in  great 
part  of  unsaturated  hydrocarbons,  but  their  exact  nature  remains 
undetermined.^  Ho  also  describes  the  Bermudez,  Venezuela,  locality. 
In  a  recent  article  Richardson  '  has  also  studied  at  length  the 
nature  of  grahamite,  and  given  many  analyses  of  samples  from 
difTcrent  localities.  It  is  mainly  derived  from  the  condensation  of 
parafTm  oils,  and  so  differs  from  gilsonito  and  manjak,  which  were 
formed  by  unsaturated  hydrocarbons.  Grahamite  differs  from 
albertite  in  being  soluble  in  carbon  bisulphide;  a  distinction  which 
leads  to  the  designation  of  albertite  as  a  pyrobitumcn,  or  more  com- 
pletely metamorphosed  petroleum.  Richardson  also  gives  examples 
of  the  presence  of  vanadium  in  the  ash  of  grahamite,  a  fact  already 
noticed  in  the  preceding  chapter. 

SYNTHESES    OF    PETROIiEUM. 

Hydrocarbons,  notably  methane,  ethane,  acetylene,  and  boizene, 
have  boc^n  repeatedly  prepared  by  laboratory  methods  from  inorganic 
sourc>cs,  and  also  by  the  breaking  down  of  more  complex  organic 
matter.  Some  of  the  methods  employed  have  led  to  the  production 
of  substanc^es  resembling  petrolemn,  and  these  alone  demand  con- 
sideration here.     Let  us  begin  with  the  inorganic  material. 

When  cast  iron  is  dissolved  in  an  acid,  hydrogen  is  evolved,  but 
with  contaminations  that  were  long  ago  recognized  as  akin  to  hydro- 
carbons. In  1864  H.  Hahn  '  attempted  to  determine  their  exact 
nature  by  passing  the  gas  through  bromine.  Organic  bromides  were 
thus  formed,'  corresponding  to  the  defines  from  C2H4  to  C7H14,  the 
general  formula  being  CnH^oBro.  In  hydrogen  evolved  from  spiegel- 
eisen  Ilahn  found  still  higher  hydrocarbons,  up  to  C^^Haj.  These 
wen*  collected  by  direct  condensation  in  wash  bottles  without  the 
use  of  bromine. 

In  1873  simihir  experiments  were  reported  by  F.  H.  Williams,* 
who  dissolved  spiegeleisen  in  hydrochloric  acid.  The  gas  evolved 
was  passed  through  tubes  immei-sed  in  a  freezing  mixture,  and 
afterward   through  bromine.     In   one   experiment   7,430  grams  of 

>  On  the  composition  of  asphalt,  sec  also  II.  Endcmoim,  Jour.  Soc.  Chexn.  Ind.,  voL  16, 1897,  p.  12L  For 
analyses  of  Texas  asphalts  sec  II.  W.  Harper,  Bull.  Texas  Univ.  Mln.  Survey  No.  3, 1902,  p.  108.  Elaborate 
data  are  also  given  by  G.  II.  Eldrldge,  Twenty-second  Ann.  Rcpt.  U.  S.  OeoL  Sorvey,  pt.  1, 1901,  p.  209, 
In  a  long  paper  on  tho  asphalts  and  bituminous  rocks  of  the  United  States.  Important  mcmognphs  on 
asphalt  ore  by  n.  KGhlor,  Die  Chemie  und  Technologic  der  natOrlichen  and  kflnstUdicn  Asphalte,  Bnunh 
sch^KTig,  1904;  and  P.  Narcy,  Lcs  bitumes,  Paris,  189S.  Sec  also  T.  Posewits,  Mitt.K.  nngar.  geoL  Anstalt, 
▼ol.  1.'),  Heft  i,  1907,  pp.  235-463,  on  petrolcam  and  asphalt  in  Hungary.  Memoirs  on  the  pioxfniateoom- 
posltion  of  petroleum  are  innumerable.  I  have  cited,  principally,  those  of  Mabcrj*,  because  tbcy  rebt« 
spocidcally  to  American  oils.  Tho  limitc<l  scope  of  this  volume  prevents  mo  from  going  into  detidb,  and 
a  vast  literature  must  be  passed  over.  The  fundamental  labors  of  Poloiuo  and  Cahonrs  in  Fraoee,  of  Sdior- 
lemmer  in  England,  of  Markownikoff  in  Russia,  and  of  others  in  nearly  every  country  of  Eorope,  canDoC 
be  given  tho  consideration  here  which  is  property  duo  them. 

» Joor.  Am.  Chem.  Soc.,  vol.  82, 1910,  p.  1032. 

*  Uebig's  Annaicn,  vol .  129, 1864,  p.  57 .    llaYin  ^vcs  T«9srsnic«^  to  ttvQ  earlier  investigations, 
*  Ain.  Jour,  Sd.,  8d  aer.,  vol. «,  1873,  p.  WS. 
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iron  gave  49  grams  of  directly  condensible  hydrocarbons,  with  325.6 
grams  of  bromides;  and  other  experiments  yielded  similar  results. 
The  nature  of  the  hydrocarbons  was  not  further  investigated. 

Much  more  elaborate  researches  were  those  conducted  by 
S.  Cloez,*  in  the  years  1874  to  1878.  Hydrochloric  or  sulphuric  acid 
was  allowed  to  act  on  large  quantities  of  spiegeleisen,  and  the  hydro* 
gen,  partly  by  direct  condensation  and  partly  by  absorption  in  bro- 
mine, yielded  abimdant  hydrocarbons  and  their  bromides,  which  were 
separated  by  fractional  distiUation  and  identified.  Ferromanganese 
gave  a  particularly  large  product  of  hydrocarbons,  and  a  cast  man- 
ganese, containing  85.4  per  cent  of  metal,  was  even  attacked  by  water 
alone,  with  evolution  of  similarly  carburized  hydrogen.  In  his  first 
paper  Cloez  reports  that  he  obtained  octylene,  CgHje,  by  direct  con- 
densation, with  bromheptylene,  CyHigBr,  and  bromoctylene,  CgHjjBr, 
from  the  bromine  solution.  In  his  second  paper  he  described  the 
products  obtained  during  the  solution  of  600  kilograms  of  white  cast 
iron,  which  yielded  640  grams  of  oily  hydrocarbons,  2,780  grams  of 
bromolefines,  and  532  grams  of  paraffins.  Seven  of  the  latter  were 
identified,  from  CjoHjj  up  to  CiJB.^^,  hydrocarbons  identical  with 
those  which  occur  in  petroleum;  that  is,  from  the  carbides  con- 
tained in  cast  iron,  a  mixture  of  hydrocarbons  chemically  resembling 
petroleum  can  be  prepared. 

In  recent  years,  through  the  development  of  the  electric  furnace 
by  Moissan,  many  carbides  have  been  made  and  investigated.  The 
greater  number  of  these  compounds  react  with  water,  yielding  hydro- 
carbons, and  the  production  of  acetylene,  as  an  illxmiinating  gas,  from 
calcium  carbide,  has  become  an  important  industry.  The  metallic, 
carbides,  however,  differ  in  their  yield  of  hydrocarbons,  and  the 
results  obtained  may  be  summarized  as  follows :  ^ 

The  carbides  of  lithium,  sodium,  potassium,  calcium,  strontium, 
and  barium,  treated  with  water,  yield  acetylene,  CjHj. 

The  carbides  of  aluminum  and  glucinum  yield  principally  methane, 

CH,. 

The   carbide   of   manganese   yields   a   mixture   of  methane   aixd 

hydrogen. 

The  carbides  of  yttrium,  lanthanum,  cerium,  thorium,  and  ura- 
nium yield  mixtures  of  acetylene,  methane,  ethylene,  and  hydrogen. 
The  cerium,  lanthanum,  and  uraniimi  compounds  also  yield  some 
Uquid  and  solid  hydrocarbons.  From  4  kilograms  of  uranium  car- 
bide Moissan  obtained  100  grams  of  Uquid  hydrocarbons,  consisting 

>  Compt.  Rend.,  vol.  78, 1874,  p.  1566;  vd.  85, 1877,  p.  1008;  vol.  86, 1878,  p.  1348. 

3  See  H.  Moissan,  Compt.  Rend.,  vol.  122, 1896,  p.  1 162.  Also  a  summary  by  J.  A.  MaUiews,  Jour.  Am. 
Chem.  Soc.,  vol.  21, 1899,  p.  647.  Berthelot  (Compt.  Rend.,  vol.  132, 1901,  p.  281)  has  discussed  the  reao* 
tions  thermochemically.  See  also  M.  A.  Damieos  (Annates  de  chimie,  9th  ser.,  vol.  10, 1918,  p.  137)  on  th« 
carbides  of  the  cerium  group. 
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largely  of  olofines,  with  some  members  of  the  acetylene  series  and 
some  saturated  compomids. 

According  to  R.  Salvadori,^  hydrocarbons  can  be  generated  by 
heating  together  calcium  carbide  and  anunoniiim  chloride,  an 
observation  which  has  been  confirmed  by  A.  Brun.'  Forthermore, 
G.  Steiger,  in  the  laboratory  of  the  United  States  Geological  Survey, 
obtained  both  saturated  and  unsaturated  hydrocarbons  by  the  simi- 
lar action  of  ammonium  chloride  upon  the  native  iron  of  Ovifak. 
Ammonium  chloride,  it  must  be  remembered,  is  one  of  the  most  char- 
acteristic of  volcanic  emanations.  The  bearing  of  these  observations 
upon  theories  of  petroleum  formation  will  be  discussed  later. 

It  will  be  observed  that  acetylene  is  a  common  product  of  these 
reactions.  But  acetylene  is  not  a  constituent  of  petroleum.  P. 
Sabatier  and  J.  B.  Senderens,^  however,  have  found  that  when  a 
mixture  of  hydrogen  and  acetylene  is  brought  into  contact  with 
finely  divided  metaUic  nickel  at  a  temperature  of  200^  a  mixture  of 
paraffins  is  formed  which  resembles  Pennsylvania  petroleum. 
Acetylene  alone,  in  presence  of  nickel,  also  yields  aromatic  hydro- 
carbons, and  a  mixture  is  produced  resembUng  Russian  oil.  In 
this  connection  it  should  be  noted  that  M.  Berthelot^  long  ago 
proved  that  acetylene,  when  heated  to  the  temperature  at  which 
glass  begins  to  soften,  polymerizes  into  benzene.  Three  molecules 
of  C2H3  yield  one  of  C,H,.  Benzene  itself,  when  heated  under 
suitable  conditions,  loses  hydrogen,  and  the  residues  combine  to 
form  diphenyl,  OijH,^. 

2CJIa  —  2H  =  CjoH,^,  4-  H2. 

From  acetylene,  then,  as  a  starting  point,  higher  hydrocarbons 
may  be  generated.  These,  again,  at  high  temperatures,  act  upon 
one  another,  and  the  complexity  of  the  final  product  may  be  very 
great.  Furthermore,  carbon  and  hydrogen  can  unite  directly. 
When  the  electric  arc  is  formed  between  carbon  terminals  in  an 
atmosphere  of  hydrogen,  acetylene  is  produced — a  reaction  dis- 
covered by  Berthelot.*  According  to  W.  A.  Bone  and  D.  S.  Jordan,* 
methane  and  ethane  are  formed  at  the  same  time,  but  at  a  lower 
temperature  (about  1,200^)  methane  is  the  sole  product  of  the  union. 

>  Qqzz,  cbim.  ital.,  vol.  32, 1902,  p.  496. 

>  Arch.  sd.  pbys.  nat.,  4th  ser.,  vol.  27, 1909,  p.  113. 

•  Compt.  Rend. ,  vol.  134, 1903,  p.  1186.  Similar  results  to  those  of  Sabatier  and  Senderens  have  also  been 
obtained  by  K.  Charitsohkoff,  Chem.  Zentralbl.,  1907,  p.  294.  A  paper  by  Charitschkoff'on  the  origin  of 
petroleum  is  abstracted  in  Tour.  Chem.  Soc.,  vol.  102,  pt.  i ,  1912,  p.  329. 

4  Annaies  chim.  ph]rs.,  4th  ser.,  vol.  12, 1807,  p.  52.  According  to  E.  Briner  and  A.  Wroesynskf  < Ardi. 
Bd.  Phys.  Nat.,  4th  ser.,  vol.  82, 1911,  p.  889),  the  polymerization  of  acetylene  is  much  aid«d  by  ptiwsuie. 

•  Annaies  chlm.  phys.,  8d  ser.,  vol.  07, 1868,  p.  64. 

•  Joor.  Chem.  Soc.,  vol.'  71, 1807,  p.  41;  vol.  79, 1901,  p.  1042.  Bee  also  J.  N.  Prinx  and  R.8.  Button, 
idem,  vol.  89, 1906,  p.  1501.  Also  W.  A.  Bone  and  H.  F.  Coward,  Jour.  Chem.  Soc.,  vol.  9S,'igQB, p.  tfTS; 
vol.  07, 1910,  p.  1219. 
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Even  by  passing  hydrogen  over  charcoal  at  1,200®  methane  may  be 
formed. 

So  much  for  the  inorganic  syntheses  of  hydrocarbons.  On  the 
other  side  of  the  question  it  has  long  been  known  that  the  destructive 
distillation  of  organic  mattery  animal  or  vegetable,  under  conditions 
which  preclude  the  free  access  of  air,  will  produce  hydrocarbons  and 
nitrogenous  bases.  This  fact  was  first  applied  to  the  production  of 
an  artificial  petroleum  by  C.  M.  Warren  and  F.  H.  Stprer*  as  far 
back  as  1865.  They  prepared  a  lime  soap  from  menhaden  (fish)  oil, 
which,  on  destructive  distiUation,  yielded  a  mixture  of  hydrocarbons 
hardly  distinguishable  from  coal  oil*  or  kerosene.  Prom  this 
mixture  they  isolated  and  identified  the  paraffins  pentane,  hexane, 
heptane,  and  octane;  the  olefines  amylene,  hexylene,  heptylene, 
octylene,  nonylene,  decylene,  undecylene,  and  duodecylene,  together 
with  benzene,  toluene,  xylene,  and  isocumene,  members  of  the 
aromatic  series.    A  true  artificial  petroleum  had  been  prepared. 

In  1888  C.  Engler's  famous  investigations'  were  announced.  He 
distilled  menhaden  oU,  unsaponified,  at  a  temperature  between  320® 
and  400®,  and  under  a  pressure  of  ten  atmospheres.  The  distillate 
resembled  petroleum  and  contained  the  paraffins  from  CJEL^  up  to 
C7H1Q.  In  a  later  memoir^  he  mentions  the  isolation  of  normal 
octane  and  nonane,  with  secondary  hexane,  heptane,  and  octane. 
In  a  stiU  later  research  with  T.  Lehmann  ^  he  also  obtained  olefines 
from  C«Hi2  up  to  CgHj,  and  some  derivatives  of  the  benzene  series. 
These  experiments  upon  fish  oil  confirmed  those  of  Warren  and 
Storer,  but  differed  from  theirs  in  the  direct  use  of  the  oil  instead 
of  its  fatty  acids  alone.  The  Ume  soap  of  the  American  chemists 
contained  only  the  acids  of  the  oil,  separated  from  its  glycerine.  The 
entire  oil  was  used  by  Engler.  From  this  crude  product  Engler  also 
prepared  an  illimiinating  oil,  practically  indistinguishable  from 
commercial  kerosene." 

Analogous  experiments,  but  with  a  somewhat  different  purpose, 
were  carried  out  by  W.  C.  Day.^  A  mixture  of  fish  (fresh  herring) 
and  resinous  pine  wood  was  distilled  from  an  iron  retort,  the  process 
being  continued  to  complete  carbonization  of  the  residual  material. 
The  distillate  consisted  of  a  mixture  of  oil  and  water,  and  the  oil, 
upon  redistillation,  yielded  a  residue  closely  resembhng  gilsonite. 
When  fish   alcme  was   distilled,   the  final  product  was  more  Hke 

1  Mem.  Am.  Acad.  Arts  and  Sd.,  2d  ser.,  vol.  9, 1865,  p.  177. 

>  Coal  oil  is  oil  distilled  from  shale  or  ooal.    The  term  is  not  synonymous  with  petroleum,  althoui^  it  is 
often,  loosely,  so  useid. 

*  Ber.  Deatsch.  chem.  Gesell.,  vol.  21, 1888,  p.  1816. 
« Idem,  vol.  22, 1889,  p.  502. 

» Idem,  vol  30, 1897,  p.  2365.    A  paper  by  C.  Engler  and  E.  Severin  on  artificial  petroleum  is  in  Zeitschr. 
angew.  Chemie,  vol.  25, 1912,  p.  153. 

•  Observations  confirmed  by  Redwood,  Petroleum  and  its  products,  2d  ed.^  vol.  l^^.lSft. 
7  Am.  Chem.  Jour.,  vol.  21, 1809,  p.  478. 
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olateritc.  Wood  alone  gave  a  similar  oil,  with  a  similar  residue  on 
rodistillation.  In  this  research,  then,  artificial  asphalts  wers 
obtained,  curiously  resembling  the  natural  substances.  They  also, 
like  ordinary  asphalt,  contained  some  nitrogen. 

Vegetable  oils  likewise  yield  hydrocarbons  upon  destructive 
distillation.  S.  P.  Sadtler,^  for  example,  established  this  fact  with 
regard  to  linseed  oil,  but  the  nature  of  the  product  was  not  completely 
determined.  Engler^  obtained  hydrocarbons  by  the  distiDation  of 
colza  and  oUve  oils,  as  well  as  from  fish  oil,  butter,  and  beeswax. 
Fiu-thonnore,  J.  Marcusson  ^  cites  an  experiment  in  which  pure  oleic 
acid  was  heated  for  several  hours  to  330^  in  a  sealed  tube.  On 
opening  the  tube  there  was  a  strong  evolution  of  gas,  and  in  the 
residue  a  product  was  foxmd  which  completely  resembled  a  lubri- 
cating oil  from  petroleum.  Those  examples  are  only  two  out  of  many 
which  might  be  adduced. 

ORIGIN    OF    PETROLEUM. 

Probably  no  subject  in  geochemistry  has  been  more  discussed 
than  that  of  the  origin  of  petroleum.  Theory  after  theory  has  been 
proposed,  and  controversy  is  still  active.  The  evidence  is  abundant 
but  contradictory,  and  leads  to  different  conclusions  when  studied 
from  different  points  of  view. 

The  theories  so  far  advanced  may  bo  divided  into  two  categories — 
the  inoi^anic  and  the  organic.  Let  us  examine  the  hypotheses  sepa- 
rately. The  earlier  speculations  connecting  the  formation  of  petro- 
leum with  volcanic  phenomena  may  be  passed  over,  for  the  reason  that 
they  were  framed  at  a  time  when  essential  evidence  was  not  available. 
They  were  speculations,  nothing  more.  The  modern  era  begins  with  a 
memoir  by  M.  Berthelot,^  published  in  1866. 

Berthelot  started  from  a  supposition  of  Daubr^e  that  the  interior 
of  the  earth  might  contain  free  alkaline  metals.  Upon  these,  as  Ber- 
thelot had  previously  shown,  carbon  dioxide  could  react  at  high  tem- 
peratiires,  forming  acetyhdes  from  which,  with  water,  acetylene 
would  be  generated,  with  all  of  its  possibilities  of  condensation  into 
higher  hydrocarbons.  The  weak  point  of  the  hypothesis,  which  Ber- 
thelot only  advances  tentatively,  is  that  no  evidence  exists  to  show 
that  the  alkaline  metals  are  present  in  an  uncombined  state  at  any 
point  below  the  surface  of  the  earth.  The  starting  point  is  a  pure 
assumption,  which  is  more  likely  to  be  erroneous  than  true. 

Leaving  out  of  account  the  oft-cited  paper  by  H.  Byasson,*  whidh 
has  no  present  value,  we  come  next  to  the  famous  carbide  tlieory  of 

1  rroc.  Am.  T'hilos.  Soo.,  vol.  30, 1897,  p.  9:J. 

>Coiig.  Intemat.  du  p^^trole,  Paris,  1900,  p.  ao. 

»  aicm.  Zcitung,  vol.  30,  1906,  p.  780. 

«  AiiDalosohixiL  phys.,  4th  ser.,  vol.  9, 1W6,  p.  481. 

'  Compt.  Rend.,  vol.  73  ,1871,  p.  OIL    \  later,  Kov>ar&l«  brochure  by  Byaason  I  hAvsnttnOL 


THE  NATUfiAL  HYDBGOASBONS.  73  & 

D.  MjeaadelM,^  pablished  ia  1877.  This  theoiy  presupposes  the 
existence  (d  iron  carbides  within  the  earth,  to  which  percolatiiig  waters 
gain  access,  g^ierating  hydrocarbons.  If  such  carbides  exist  at  rea- 
sonable deptiis  below  the  surface  of  the  earth,  the  suggested  reactions 
would  presumably  take  place;  but  the  major  premise  is  as  yet 
unproved.  The  actual  existence  of  the  carbides  m  nature  remains  to 
be  demonstrated. 

Mendel6eFs  hypothesis  naturally  attracted  much  attention  and 
was  rendered  plausible  by  researches  like  those  of  Hahn,  Williams, 
and  Cloez  upon  the  production  of  hydrocarbons  from  cast  iron.  It 
was  still  further  strengthened  by  the  discoveries  of  Moissan  in  his 
development  of  the  electric  furnace,  and  has  had  many  advocates. 
Moissan  ^  himself  has  adopted  it,  and  also  suggested  that  volcanic 
explosions  may  perhaps  be  caused  by  the  action  of  water  upon  subter- 
ranean carbides.  He  admits,  however,  that  some  petroleums  are  pos- 
sibly of  oiganic  origin.  The  presence  of  marsh  gas  in  volcanic  ema- 
nations ^  may  be  cited  in  support  of  Moissan's  suppositions,  but  this 
well-recogaiized  fact  can  be  interpreted  otherwise.  Another  favorable 
datum  has  been  furnished  by  O.  Silvestri/  who  found  in  basaltic  lavas 
from  near  Etna  botJi  liquid  oils  and  a  solid  paraffin  which  melted  at 
56°.  Similar  observations  have  been  made  by  A.  Brun,^  in  his  study 
of  the  Javanese  volcanoes.  He  regards  the  petroleum  of  Java  as  of 
volcanic  origin.  But  these  oils,  as  well  as  the  marsh  gas,  may  con- 
ceivably have  been  formed  either  through  a  direct  union  of  carbon 
and  hydrogen  or  from  mat^al  distilled  by  volcanic  heat  out  of 
adjacent  sedimentary  rocks.  The  same  considerations  also  apply 
to  the  petroleum  field  near  Tampico,  Mexico,  as  described  by  E. 
Ord6flez,®  which  is  dited  by  E.  Coste  ^  in  support  of  his  elaborate 
argument  in  favor  of  the  inorganic  origin  of  petroleum.  In  this  field 
the  oil  rises  close  to  volcanic  cones;  which,  however,  have  been 
forced  up  through  a  great  thickness  of  Cretaceous  shales.  The  possi- 
bility of  a  distillation  of  oil  frcmi  organic  matter  in  the  sediments 
must  here  be  taken  into  account.  This  has  been  done  by  E.  De 
Golyer,*  who  has  shown  that  the  oil  of  the  Tampico-Tuxpam  region 
probably  came  by  migration  from  adjacent  limestones.  In  fact  some 
of  the  oil  is  in  no  wise  related  to  the  igneous  intrusions. 

»  Ber.  Deutsch.  chem.  GoscU.,  vol.  10, 1877,  p.  229;  Jour.  Cliem.  See.,  vol.  32,  p.  288.    See  also  Mendei6er6 
Principles  of  chemistry,  English  translation,  vol.  1, 18^1,  pp.  8M-366. 
s  Compt.  Bend.,  th)I.  122, 1806,  p.  1462.    Bee  also  6.  Metinier,  idem,  vol.  123, 1^  p.  1327. 

*  See  ante,  Cbapter  VIIL 

*  Qtaz.  tshim.  ital.,  vol.  7, 1877,  p.  1;  toI.  12, 1«S2,  p.  9 
«  Arch,  9d.  ph3rs.  nat.,  4tb  ser.,  t<4.  27,  lOM,  p.  118. 

*  Min.  and  Sci.  Press,  vol.  95, 1907,  p,  949. 

*  Soar.  Canadian  Mia.  Inst.,  vol.  12, 1901,  p.  273.  Fiv  earlier  papers  by  Coste  sec  the  same  jonmal^  vol.  6, 
1983,  p.  78,  and  Trans.  Am.  Inst.  Min.  Eng.,  vol. 9S,  nos,  p. 988.  F.  Rigatid  {B/er.  naiv.  des  mines,  4tSiser., 
vol.  31,  1910,  p.  145)  has  also  argued  in  favor  of  the  inorganic  origin  of  i>etro)enm.  8eo  abo  1.  Ouaresc^i, 
Petrolii  cd  emanazioni  tcrreatil,  Torino,  1917. 

s  Econ.  Geology,  vol.  10, 1915,  p.  65a 
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Another  instance  of  oil  in  igneous  rocks,  in  Williamson  County, 
Texas,  has  been  reported  by  J.  A.  Udden.*  The  rock  is  a  porous  erup- 
tive, largely  changed  to  serpentine,  which  has  invaded  beds  of  chalk 
and  marl  rich  in  organic  remains,  especially  of  foraminifera.  These 
were  probably  the  true  sources  of  the  petroleum. 

A  different  line  of  investigation  relative  to  the  genesis  of  petro- 
leum is  that  proposed  tentatively  by  G,  F.  Becker.'  If  petroleum  is 
derived  from  iron  carbides,  as  the  inorganic  theory  assumes,  there 
should  be  magnetic  irregularities  in  oil-bearing  r^ons.  This  he 
finds  to  be  the  case  in  the  Appalachian  oil  field,  where  the  lines  of 
magnetic  declination  are  sensibly  deflected.  Similar  irregularities 
appear  in  the  oil  fields  of  California,  and  magnetic  disturbances 
are  also  recorded  in  the  region  of  the  Caucasus.  The  observations 
are  not  absolutely  conclusive,  but  they  are  compatible  with  the 
inorganic  theory. 

Two  other  speculations  upon  the  genesis  of  petroleum  from  inor- 
ganic matter  remain  to  be  mentioned,  if  only  for  the  sake  of  com- 
pleteness. N.  V.  Sokoloff,*  in  1890,  argued  that  the  bitumens  are  of 
cosmic  origin,  formed  initially  during  the  consolidation  of  the  planet, 
inclosed  within  the  primeval  magma,  and  since  emitted  from  the 
earth's  interior.  In  support  of  this  conception  he  cites  the  occasional 
finding  of  hydrocarbons  in  meteorites,*  cases  in  which  the  possibility 
of  an  organic  origin  seems  to  be  absolutely  excluded. 

The  other  specidation  is  that  of  O.  C.  D.  Ross,'  who  has  tried  to 
show  that  petroleum  may  originate  from  the  action  of  solfataric 
gases  upon  limestones.  Ross  wrote  various  chemical  equations  to 
show  how  the  reactions  might  occur,  but  they  are  improbable  and 
experimentally  unverified. 

It  will  be  seen,  upon  consideration,  that  these  inorganic  theories 
concerning  the  origin  of  petroleum  relate  not  only  to  its  proximate 
genesis,  but  to  fimdamental  questions  of  cosmology.  SokolofTs 
hypothesis  is  an  indication  of  this  fact,  and  the  assumption  of 
carbides  within  the  earth  represents  an  effort  in  the  same  direction. 
An  illustration  of  this  implication  is  to  be  foimd  in  Lenicque's 
remarkable  memoir,'  which  was  cited  in  Chapter  II  of  this  volume. 

I  Econ.  Geology,  vol.  10,  1915,  p.  583. 
«  Bull.  U.  8.  C.col.  Survey  No.  401, 1909. 

*  Bull.  Soc.  imp.  nat.  Mosoou,  new  ser.,  vol.  3, 1S90,  p.  720. 

*  See  F.  W5hler,  Licbig's  Annalen,  vol.  109,  18j9,  p.  349,  on  carbon  compounds  in  the  metMflle  Of  Kate, 
Hungary.  AIm  S.  Meunier,  Compt.  Bend.,  vol.  109,  1889,  p.  976,  on  the  meteorite  of  Migbel,  Ruoia. 
A.  E.  NordensklGld  (Foggendorf's  Annalen,  vol.  141, 1870,  p.  205)  found  carbonaceous  matter  in  tho  mete- 
orite of  Ilcssle,  Sweden;  and  O.  Tscbormak  (Sitzungsb.  K.  Wlss.  Akad.  Wien,  vol.  62,  Abth.8»  18n^|K856) 
reports  0.85  per  cent  of  a  hydrocarbon  in  the  stone  which  fell  at  Goalpara,  India.  The  wdl-known  metwrt 
of  Orgueil,  France,  and  Cold  Bokkcveld,  South  Africa,  were  largely  carbonaceous.  On  OigucU,  MtS.  GloBc, 
Compt.  Rend.,  vol.  59,  1864,  p.  37.  Graphite  and  amorphous  carbon  are  common  in  motMitltfli^  and  Is 
some  falls  diamonds  have  been  found. 

*  Chem.  News,  vol.  04,  1891,  p.  14.    A  criticism  by  Redwood  appears  on  p.  215. 
'ifdm.  Boe.  iDg6n,  civils  France,  October,  1%^,  p.  ^^. 
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If  the  molten  globe  had  at  any  time  a  temperature  like  that  of  the 
electric  furnace,  carbides,  silicides,  nitrides,  etc.,  would  be  among  the 
earliest  compounds  to  form,  and  oxidation  could  not  begin  until  later. 
Under  such  conditions  some  carbides  might  remain  unoxidized 
through  many  geologic  ages,  to  be  reached  by  percolating  waters  at 
the  present  day.  The  development  of  hydrocarbons  would  then 
inevitably  follow,  although  to  what  extent  they  might  be  subse- 
quently consumed  no  one  can  say.  The  theory  is  plausible,  but  is  it 
capable  of  proof?  Furthermore,  does  it  accoimt  for  any  accumu- 
lations of  petroleum  such  as  yield  the  commercial  oils  of  to-day? 
These  essential  questions  are  too  often  overlooked,  and  yet  they  are 
the  main  points  at  issue.  We  may  admit  that  hydrocarbons  are 
formed  within  volcanoes,  but  the  quantities  definitely  traceable  to 
such  a  source  are  altogether  insignificant.  Bitumens  occur  in  small 
amoimts  in  many  igneous  rocks,  but  never  in  large  volume.  They 
are,  moreover,  absent,  at  least  in  significant  proportions,  from  the 
Archean,  and  first  appear  abimdantly  in  Paleozoic  time.  From  the 
Silurian  upward  they  are  plentiful,  and  commonly  remote  from 
great  indications  of  volcanic  activity.  Even  such  an  occurrence  as 
that  of  the  Pitch  Lake  in  Trinidad,  where  asphalt  is  associated  with 
thermal  waters,  does  ilot  necessarily  imply  a  community  of  origin. 
It  is  at  least  conceivable  that  the  solf ataric  springs  may  have  acted  - 
upon  sedimentary  accumulations  of  oil,  partly  by  vaporizing  the 
latter  and  so  bringing  it  to  the  surface,  and  partly  by  effecting,  with 
the  aid  of  steam  and  sulphur,  the  condensations  or  polymerizations 
that  are  observed.  These  considerations  serve  to  show  the  need  of 
great  caution  in  dealing  with  this  class  of  problems  and  to  warn  us 
against  hasty  generalizations.  Speculations  based  upon  individual 
occurrences  of  petroleum  are  of  very  little  value.  The  entire  fields 
in  all  of  its  complexity,  must  be  taken  into  accoimt. 

Admitting  that  methane  is  sometimes  formed  as  a  volcanic 
emanation,  we  must  also  recognize  the  fact  that  it  is  more  commonly 
of  organic  origin.  Its  popidar  name,  *'  marsh  gas,''  is  verbal  evidence 
of  its  derivafion  from  decaying  vegetation.  Ordinarily,  it  is  gener- 
ated in  apparently  small  amounts,  but  gas  in  Iowa  w^ells  has  been 
described  ^  which  occurs  in  the  drift  and  seems  to  be  of  vegetable 
origin.  Buried  vegetation  alone  can  account  for  its  development 
under  the  observed  conditions. 

Apart  from  the  natural  occurrences  of  marsh  gas,  either  in  swamps 
or  as  the  ''fire  damp*'  of  coal  mines,  its  artificial  production  has  been 
studied  experimentally.     F.  Hoppe-Seyler  ^  and  H.  Tappeiner  ^  have 

»  See  A.  0.  Leonard,  Proc.  Iowa  Acad.  Sci.,  vol.  4,  p.  41.    F.  M.  VVilter  (Am.  Geologist,  vol.  9, 1892,  p.  319) 
has  described  a  gas  well,  about  100  feet  deep,  near  Letts,  Iowa. 

«  Ber.  Deutsch.  chem.  Gescll.,  vol.  16, 1883,  p.  122. 

» Idem,  pp.  1731,  1740.    See  also  L.  Topoff,  abstract  Va  Iwxi,  CYwim.  ^>wi.,  NOl,^&A^'^^^«^^^^^^^^  '^^ 
trom  river  mud  neir  sewer  opening?. 

113750'''^19— Bull,  695 47 
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shown  that  it  is  formed  by  the  fennentatioii  of  ceUuloaei  togethi 
with  carbon  dioxide  and  free  hydrogen*  During  the  dacay  of  sea- 
weeds, however,  according  to  F.  C.  Phillips,^  a  little  methane  ia  at 
first  evolved,  the  generated  gases  consisting  largely  of  carbon  diosids, 
hydrogen,  and  nitrogen.  The  apparatus  in  which  the  experiment 
was  performed  was  allowed  to  stand  in  position  for  two  and  a  half 
years,  and  during  that  time,  following  the  first  rapid  evolution  of 
gas,  a  very  alow,  continuous  production  was  observed.  At  the  end 
of  the  period  the  gas  consisted  of  methane.  Phillips  concludes, 
from  this  evidence,  that  buried  vegetable  matter,  after  a  brief  era  of 
rapid  giis  evolution,  may  pass  into  a  condition  of  extremely  slow 
decay  when  methane  is  generated.  It  is  possible,  however,  that 
methane  is  not  the  only  hydrocarbon  thus  produced. 

From  data  of  this  kind,  and  from  the  experiments  cited  in  the 
preceding  section  of  this  chapter,  it  is  evident  that  hydrocarbons 
analogous  to  natural  gas,  petroleum,  and  asphalt  may  be  derived 
either  from  animal  or  vegetable  matter,  or  from  both.  This,  I  think, 
admits  of  no  dispute,  but  argument  is  possible  relative  to  the  genesis 
of  the  larger  accumidations  of  mineral  oil.  Engler's  researches 
have  led  to  a  w^idespread  belief  in  the  animal  origin  of  petroleum, 
although  the  details  of  the  transformation  process  are  very  diversely 
interpreted.^  Engler  ^  himself  ascribes  the  derivation  of  petroleum 
from  animal  remains  to  a  putrefactive  process,  which  removes  the 
nitrogen  compoimds.  The  fats  remain,  to  be  altered  by  heat  and 
pressure*  into  hydrocarbons,  whose  boiling  points  lie  below  300°; 
and  these  later  imdergo  a  partial  autopolymerization  into  denser 
forms.  How  far  such  a  polymerization  may  be  possible,  if  indeed 
it  is  possible  at  all,  is  a  matter  of  imcertainty.  C.  F.  Mabery  '  holds 
that  the  changes  are  always  in  the  opposite  direction  and  that  the 
more  complex  hydrocarbons  are  formed  first,  paiiially  breaking 
down  afterward  into  lower  members  of  the  series.  J.  Marcusson  * 
holds  the  same  view.     The  putrefactive  removal  of  the  albuminoid 

»  Am.  Chera.  Jour.,  vol.  10,  1891,  p.  427. 

3  For  a  very  complete  sunmuiry  of  all  the  hypotheses  relative  to  the  formation  of  petrolevim,  see  WMer, 
Das  Krd61, 1900,  pp.  100-229.  See  also  Redwood,  Petroleum  and  its  products,  vol.  1,  1905,  pp.  250-361. 
Other  summarios  aro  by  ^U^fnmann.,  Zeiitschr.  angew.  Chemio,  1898,  p.  739;  idcm^  ISBi,  p.  122;- C.  Klemflnt, 
Bull.  Soc.  bclgo  g^ol.,  vol.  11,  proc.  verb.,  1S97,  p.  76;  R.  Zuber,  Zeitschr.  prakt.  Qaokigie,  1808,  p.  84; and 
E.  (>rton , Bull .  Gcol .  Soc.  America,,  vol.  9, 1897,  p.  So.  Recent  memoirs  on  thesubject  are  by  P.  de  Wfldc, 
Arch.  scL  phys.  nat.,  4th  sor.,  vol.  23, 1907,  p.  559,  and  C.  Neuberg,  Sitzungsb.  K.  Alcad.  Wiaa.  Bedin, 
May  16, 1907. 

•  Bcr.  Deutsch.  chora.  Gcscll.,  vol.  30, 1897,  p.  23o8.  For  more  recent  articles  by  Engler  see  Z^tschr. 
angcw.  Chcmie,  vol.  21, 1908,  p.  1585;  Verhandl.  naturwiss.  Vereins,  Kadsnihe,  1908^  toL  20^  pw  85»and 
Compt.  road.  Cong,  intemat.  p<Jtrole,  Bocarcst,  1910,  vol.  2,  p.  1.  The  last-named  Toiiuwoonteiiiamany 
pai>crs  on  various  subjects  relating  to  petroleum. 

«  The  importance  of  pressure  in  petroleum  formation  was  also  urged  by  G.  Kramer  and  W.  Ifnttrim' 
(Bor.  Deutsch.  chcm.  Gesoll.,  vol.  20, 1SS7,  p.  503),  In  their  comparison  of  the  HyHr^^fiw^.  .w-%^,|||^  ^ 
petroleum  and  coal  oil  or  tar.  H.  M onke  and  F.  Beyschlag  (Zeitschr.  prakt.  Geokigle,  ItlK^  pp.  1^61^  «H) 
emphasize  the  putrefactive  process ,  which  yields  petroleum,  as  compared  with  thai 
w/j/ch/ormscaiJ. 
»  Jour.  Am.  Chem.  Soc.,  vol.  2i*,  VJ06,  p.  \2S. 
«  Chcm.  Zoitang,  vol .  30, 1906,  p.  7^. 
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substaBces  is  also  to  be  questicmed,  and  it  is  certainly  not  universal. 
The  nitrogen  bases  of  California  petroleum  fiu*nish  perhaps  iixe 
strongest  evidence  that  the  proteids  contribute  their  diare  to  the 
make-up  of  petroleum,  and  show  also  that  these  particular  oils  are 
of  animal  origin. 

Several  other  writers  have  brought  evidence  to  bear  in  favor  of 
the  derivation  of  petroleum  from  fish  remains.  Dieulaf ait  ^  observed 
that  the  copper  shales  ol  Mansfeld  are  strongly  impregnated  with 
bitumen,  and  also  rich  in  fossil  fish.  The  petroleum  of  Galicia  is 
always  associated  with  menilitic  schists  in  which  fish  remains  are 
peculiarly  abundant.  C.  Engler  ^  cites  some  computations  by  Szaj- 
nocha,  to  the  effect  that  the  annual  catch  of  herring  on  the  norl^ 
ooast  of  Germany  would,  if  its  fats  were  half  converted  into  petro- 
leum, yield  in  2,560  years  as  much  oil  as  Galicia  has  produced.  G.  A. 
Bertels,^  on  the  other  hand,  attributes  the  Caucasian  petroleums  to 
the  decomposition  of  moUusks.  In  the  Kuban  district,  the  oil, 
accompanied  by  salt  water,  exudes  directly  from  beds  of  molluscan 
remains,  which  occur  in  enormous  quantities. 

Eingler,  of  course,  was  not  the  first  to  advocate  a  derivation  of 
petroleum  from  animal  r^nains.  His  views  have  received  special 
attention  because  of  their  experimental  basis.  C.  Ochsenius/  for 
instance,  has  sought  to  connect  the  formation  of  petroleum  with  that 
of  the  mother-liquor  salts  which  accumulate  during  the  last  stage 
of  the  evaporation  of  sea  water.  According  to  this  writer,  petroleum 
is  generated  from  marine  organisms,  preferably  the  larger  forms, 
which  are  buried  beneath  air-tight  sediments  and  slowly  acted  upon 
by  the  above-named  saline  residues.  As  an  argument  in  favor  of  " 
this  hypothesis,  he  calls  attention,  as  many  others  have  done,  to  the 
common  association  of  brine  with  petroleimi,  and  cites  analyses  of 
such  waters.  This  association  of  salt  and  oil  is  strongly  emphasized 
by  L.  Mrazec  ^  in  his  studies  of  Roimianian  petroleimi.  F.  Heusler  * 
also,  while  indorsing  Engler's  principal  conclusions,  invoked  the  aid 
of  aluminum  chloride  as  an  agent  in  effecting  a  polymerization  of 
the  hydrocarbons.    According   to  Ochsenius's   theory,  magnesium 

1  Cited  by  A.  Taecard,  Arch.  scL  phys.  nat.,  3d  ser.,  toI.  34^  1890,  p.  106. 

2  Ber.  Deutsch.  diem.  Gesell.,  vol.  33, 1900,  p.  16.    See  also  Cong,  internat.  du  pdtrole,  1900,  p.  30. 

3  Cited  by  Hofer,  Das  Erdol,  1908,  p.  219.  F.  Horaung  (Zoitschr.  Deutsch.  geol.  Qesell.,  rol.  67,  Mo- 
natsb.,  1905,  p.  534)  argoes  in  favor  of  fishes  as  the  raw  material  of  petroleum.  See  also  J.  J.  Jahn,  Jahrb. 
K.-k.  geol.  aelchsajistalt,  vol.  42*  1^92,  p.  861.  For  arguments  against  the  theory  of  Engler,  see  D.  Pan- 
tanelli.  Bull.  Soc.  geol.  ital.,  vol.  25, 1906,  p.  795.  Pantanelli  seems  to  favor  the  inorganic  origin  of  petro- 
leum. W.  Ipatief  (Jour,  prakt.  Chem.,  ser.  2,  vol.  8-1,  1911,  p.  800)  favors  the  organic  origin,  and  so  does 
Mabery  (Econ.  Qeology,  vol.  U,  1916,  p.  511),  who  shows  that  the  nitrogen  bases  found  in  oil  could  not 
form  or  exist  at  volcanic  temperatures. 

* Chem.  Zeitung,  vol.  15, 1891,  p.  935,  and  Zeitschr.  Deutsch.  geol.  C.cscll.,  vol.  <8, 18f6,  p.  239.  Seealso 
his  papers  cited  in  Chapter  VII,  ante. 

&Compt.  rend.  Cong,  internat.  pi^trole,  Bucarest,  1910,  vol.  2,  p.  80.  Also  L'industrio  du  p6trole  en 
Roumanie,  Bucarest,  I9I0.  The  presence  of  methane,  ethane,  etc.,  in  rock  salt  has  been  studied  by  N. 
Co6t£Lchescii,  Annales  sci.  Univ.  Jassy,  vol.  4,  190G,  p.  3.  On  the  animal  origin  of  petroleum  see  alaal>.. 
Singer,  Inaug.  Diss.,  Zurich,  1893. 

'Zeitschr.  angew,  Cbemie,  1896,  pp.  288, 318. 
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chloride  was  the  active  substance.  These  suggestions  are  of  very 
little  value,  for  the  reason  that  the  laboratory  reactions  with 
aluminum  chloride  are  effected  with  the  anhydrous  salt  and  not 
with  its  hydrolyzed  aqueous  solutions.  It  is  not  shown  experi- 
mentally that  the  latter  would  be  effective,  nor  does  aluminiun 
chloride  occur  in  any  notable  quantity  in  natural  waters.*  *  A  more 
probable  function  of  the  salts,  according  to  R.  Zaloziecki,'  is  to  retard 
and  modify  the  decay  of  animal  matter  on  or  near  the  seashore,  and 
so  to  give  time  for  its  transformation  into  petroleum.  The  latter 
process  need  not  be  very  slow,  for  E.  Sickcnberger  •  has  shown  that  in 
small  bays  of  the  Red  Sea,  where  the  salinity  reaches  7.3  per  cent, 
petroleum  is  actually  forming  as  a  scimi  upon  the  surface  of  tiie  water. 
Living  forms  are  abundant  in  these  bays,  and  their  remains,  after 
death,  furnish  the  hydrocarbons.  The  latter  are  to  some  extent 
absorbed  into  the  pores  of  coral  reefs,  and  so  contribute  to  the  forma- 
tion of  bitmninous  limestones.  A  still  earlier  publication  by  O.  F. 
Fraas,*  contains  data  of  similar  purport.  Fraas  found  in  Egypt 
shells  filled  with  bitumen,  and  noticed  that  the  bituminous  beds  were 
rich  m  fossils,  wliile  the  nonbitumiuous  strata  were  poor.  In  the 
region  of  the  Dead  Sea,  also,  Fraas  noticed  that  bitumen  was  abundant 
ih  beds  of  bacuUtes,  from  which  it  exudes  to  accumulate  upon  the 
shore.  In  this  connection  it  may  well  be  noted  that  the  brines  which 
are  so  often  associated  with  petroleum  have,  as  a  rule,  a  composition 
indicative  of  a  marine  origin,  and  do  not  resemble  solfataric  or  vol- 
canic waters.®  Furthermore,  Mendel^cf^s  objection  to  the  possibility 
of  forming  petroleum  at  the  bottom  of  the  sea — ^namely,  that  being 
hghter  than  water  it  would  float  away  and  be  dissipated — ^is  not  only 
negatived  by  Sickenberger's  observations,  but  also  by  the  well-known 
fact  that  mud  and  clay  are  capable  of  retaining  oily  matters  mechan- 
ically. The  littoral  sediments  probably  aid  in  the  process  of  petro- 
leum formation,  if  only  to  the  extent  of  retaining  the  fatty  substances 
from  which  the  oil  is  to  be  produced.  The  beds  of  sulphur  which  occur 
adjacent  to  some  oil  wells,  notably  in  Texas,  were  probably  formed 
by  the  reducing  action  of  organic  matter  upon  sulphates,  such  as 
gypsum,  a  mineral  which  is  often  associated  with  marine  deposits  and 
with  petroleum.  The  association  of  gas,  oil,  salt,  sulphur,  and  gyp- 
sum, wliich  some  writers  have  taken  as  endence  of  former  volcanism, 
is  much  more  simply  interpreted,  both  chemically  and  geologically, 

»  A  possible  exception  to  this  statement  is  cited  by  Ochsenius  (Zeitschr.  Deutech,  geol.  GeseU.,  toI.  48, 
1890,  p.  239),  who  mentions  a  water  containing,  in  Its  solid  residue,  23.91  per  cent  of  AJCU.    TbJs  water 
accompanied  a  petroleum. 
«  Chem.  Zeitung,  vol.  15, 1891,  p.  1203. 
s  Idem,  p.  1582. 

« Bull.  See.  sci.  nat.  Neuch&tel,  vol.  8, 1868,  p.  58.    See  also  F.  C.  Phillips,  rroc.  Am.  PhOos.  8oc.,tq1.  36^ 
JS97,  p.  121,  on  petroleum  inclosed  in  fossils. 
*  The  watcra  o^-oompanying  the  napUl\\a  ot  lYvc  Gtosuv  <\!b^V,\\cV,  Russia,  as  analyted  roetntly  by  K. 
Chantschkoft  (Chcm.  Zeitung,  1907,  p.  29I>>,  iippoai  Vo  \i<j  excft^Wwv^.  \TvV\w<»fe<»sA2iNSBi.«tt\)R»a^ 
abundant  thsm  the  chJoiidc,  and  salts  ot  ammouium  aaCi  VVv<i  wi^ea  m^  v)^aKi  \K<i«sDX, 
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as  due  to  the  decomposition  of  organic  matter  in  shallow,  highly  saline 
waters  near  the  margin  of  the  sea. 

The  derivation  of  petroleum  from  vegetable  remains  has  had  many 
advocates,  although  the  hypotheses  have  not  all  been  framed  on  the 
same  lines.  L.  Lesquereux,^  studying  the  Devonian  oils  of  the  eastern 
United  States,  argued  in  favor  of  their  derivation  from  cellular 
marine  plants,  especially  fucoids,  whose  remains  abound  in  the  petro- 
liferous formations.  Ligneous  or  fibrous  plants,  on  the  other  hand, 
yield  coal.  This  hypothesis  led  Vouga  *  to  suggest  that  great  masses 
of  f ucus,  like  those  of  the  Sargasso  Sea,  might  sink  to  the  bottom  of 
the  ocean,  and  there,  decomposing  under  pressure,  could  yield  petro- 
leum. Redwood  ^  states  that  the  salt  marshes  of  Sardinia  are  some- 
times covered  by  sheets  of  seaweed,  which  are  in  process  of  decompo- 
sition into  an  oily  substance  resembling  petroleum,  and  similar  occur- 
rences have  been  noted  on  the  coast  of  Sweden.  These  phenomena 
are  probably  not  exceptional,  and  deserve  a  more  precise  examination 
than  they  have  received  hitherto.  An  observation  by  W.  L.  Watts  ^ 
that  the  saline  waters  associated  with  petroleum  in  the  central  valley 
of  California  are  unusually  rich  in  iodine  appears  to  have  some  relation 
to  this  class  of  hypotheses.  Watts  connects  this  iodine  with  the 
familiar  content  of  iodine  in  seaweed,  and  regards  the  lattei  as  a 
probable  source  of  this  particular  oil. 

Data  of  this  class  might  be  multiplied  almost  indefinitely.  For 
instance,  0.  E.  Bertrand  and  B.  Renault  *  have  sho\vn  that  Boghead 
mineral,  torbanite,  and  kerosene  shale,  from  which  oils  are  distilled, 
are  derived  from  gelatinous  algae,  whose  remains  are  embedded  in 
what  was  once  a  brown  humic  jelly.  This  observation  may  be  cor- 
related with  the  views  advanced  by  J.  S.  Newberry  •  and  S.  F.  Peck- 
ham,'  who  regard  the  liquid  petroleiuns  as  national  distillates  from 
carbonaceous  deposits,  which  latter  were  laid  down  at  depths  below 
the  horizons  where  the  oil  is  now  found.  The  heat  generated  during 
metamorphism  is  supposed  to  be  the  dynamic  agent  in  this  process, 
although  many  productive  regions  show  no  evidence  that  any  violent 
metamorphoses  have  ever  occurred.® 

»  Bull.  Soc.  sd.  nat.  NeuchAlel,  vol.  7, 1866,  p.  234. 

s  Seo  discussion  following  Lesquereiu's  communication. 

»  Petroleum  and  Its  products,  2d  ed.,  vol.  1,  pp.  126,  142. 

*  Bull.  California  State  Mln.  Bur.  No.  19,  p.  202.  Sec  aLso  Bull.  No.  3  for  more  detail!^.  In  Bull.  No.  16, 
1S99,  A.  S.  Cooper  discusses  at  length  the  genesis  of  petroleum  and  asphalt  in  California.  Bulls.  Nos.  31  and 
32  also  relate  to  this  subject. 

*  Compt.  Rend.,  vol.  117, 1893,  p.  593.  See  also  Bertrand,  Compt.  rend.  VIII  Cong.  gtol.  intcmat.,  1900, 
p.  458.  According  to  E.  C.  Jeffrey  (Proc.  Am.  Acad.  Arts  and  Sci.,  vol.  46, 1910,  p.  273),  the  supposed  gela- 
tinous algse  arc  the  spores  of  vascular  cryptogams. 

*  Geology  of  Ohio,  vol.  1, 1873,  p.  158.  See  also  an  earlier  i>apcr  by  Newberry,  Rock  oils  of  Ohio,  in  Four- 
teenth Ann.  Rcpt.  Ohio  State  Board  Agr.,  1859,  p.  G05. 

'  Proc.  Am.  Philos.  Soo.,  vol.  10,  1868,  p.  445;  vol.  37,  1898,  p.  108. 

>  H.  Strcmme  (Centralbl.  Min.,  Qeol.  u.  Pal.,  1906,  p.  271 )  has  shown  that  the  polymcri::ation  of  petroleum 
may  itself  generate  heat. 
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Ill  1843  E.  W.  Binney  and  J.  H.  Talbot  ^  repotted  a  peculiar  occur- 
rence of  petroleum  permeating  a  peat  bog,  Down  Holland  Moss^  not 
far  from  Liverpool,  England.  The  origin  of  this  oil  was  obscure, 
but  was  attributed  by  the  authors  to  an  alteration  of  the  peat  itself, 
a  mode  of  genesis  which  later  writers  have  doubted.  J.  S.  New- 
berry,^ however,  states  that  in  the  Bay  of  Marquette,  where  the  shore 
consists  of  peat  overlying  Archean  rocks,  bubbles  of  marsh  gas  arise, 
together  with  drops  which  cover  the  surface  of  the  water,  in  spots, 
with  an  oily  film.  The  following  investigations  seem  to  bear  upon 
the  problems  suggested  by  these  observations: 

In  1899  A.  F.  Stahl*  and,  independently,  G.  Er&mer  and  A.  Spil- 
ker^  called  attention  to  a  possible  derivation  of  petroleum  from 
diatoms,  which  abound  in  certain  bogs.  These  organisms,  accord- 
ing to  Ejramer  and  Spilker,  contain  drops  of  oily  matter,  and  from 
diatomaceous  peat  a  waxy  substance,  resembling  ozokerite,  can  be 
extracted.*  The  theory,  based  upon  these  data,  is  briefly  as  fol- 
lows: A  lake  bed  becomes  filled  in  time  with  diatomaceous  accumu- 
lations, over  which  a  cover  of  other  growths  or  deposits  is  formed. 
By  decay  of  the  organic  substances,  ammonium  carbonate  is  pro- 
duced, which  hydrolyzes  the  wax,  and  from  the  resulting  acid  carbon 
dioxide,  carbon  monoxide,  and  water  are  gradually  eliminated. 
Ozokerite  is  thus  formed,  which,  at  moderate  temperatures  and  under 
pressure,  becomes  converted  into  liquid  petroleum.  With  higher 
temperatures  and  pressures,  in  presence  of  sulphur,  heavier  oils  and 
asphalt  may  be  generated.  In  support  of  this  hypothesis  the 
authors  describe  a  lake  bed,  near  Stettin,  which  is  about  23  feet 
thick  and  consists  chiefly  of  diatoms.  This  deposit  yields  a  wax  con- 
taining over  10  per  cent  of  sulphur,  and  from  it  a  hydrocarbon, 
resembling  the  lekene  from  ozokerite,  was  isolated. 

Kramer  and  Spilker's  views  have  not  met  with  very  general 
acceptance,  but  they  seem  to  contain  elements  of  value.  H.  Potoni^'s 
hypotheses,*  for  example,  seem  to  be  a  broadening  of  Ex&mer  and 
Spilker 's.  This  writer  calls  attention  to  the  "faukchlamm^*  or 
''sapropel, "  a  slime,  rich  in  organic  matter,  which  is  formed  from 
gelatinous  algae,  and  accumulates  at  the  bottom  of  stagnant  waters. 
Such  a  slime,  Potonifi  believes,  may  be  the  parent  substance  from 
wliich  bitumen,  by  a  process  of  decay,  was  probably  derived.  In  this 
connection,  and  with  reference  to  the  adequacy  of  the  proposed 
source,  it  is  well  to  remember  the  enormous  accumulation  of  "oozes/' 
namely^  the  radiolarian  and  globigerina  oozes,  on  the  bottom  of  the 

»  Tublished  ia  Trans.  Manchester  Gcol.  Soc.,  vol.  8.  18(w,  p.  41.    Curiously,  a  later  paper  by  Bfrnwy 
appears  earlier,  namely,  in  vol.  3, 1800,  p.  9. 
2  Annals  New  York  Acad.  Sci.,  vol.  2,  1882,  p.  277. 
»  Chem.  Zeitung,  vol.  23,  1899,  p.  144.    Also  note  in  vol.  30,  1906,  p.  18. 

*  Ber.  Deutseli.  chem.  Gesell.,  vol.  32, 1899,  p.  2910;  vol.  35, 1902,  p.  1212.    Criticism  bj  Sngler  In  toI.  33, 
1900,  p.  7. 
«  Sec  also  C.  E.  Guignet,  Compt.  Rend.,  vol.  0\,  \«80,  \>.?8»»oTv^^\\omv»X. 
« Satur.  WochenschT.,  vol.  20, 1905,  p.  599. 
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sea.  The  organic  matter  thus  indicated  is  certainly  abundant  enough, 
if  it  can  decay  under  proper  conditions,  to  form  more  hydrocarbons 
than  the  known  deposits  of  petroleum  now  contain.^ 

These  remarks  upon  the  oceanic  sediments  at  once  suggest  an  inter- 
mediate group  of  hypotheses,  which  assume  a  mixed  origin  for  petro- 
leum. Animal  matter  in  some  cases,  vegetable  matter  in  others,  or 
both  together,  are  supposed  to  be  the  initial  source  of  supply.  A. 
Jaccard,^  for  example,  ai^es  that  the  liquid  oils  are  derived  from 
marine  plants,  while  the  viscous  or  solid  bitumens  may  originate 
from  moUusks,  radiates,  etc..  Some  oils,  again,  are  supposed  to  be  of 
mixed  origin,  and  it  would  seem  probable  that  the  last  class  is  the 
most  common.  Ideas  of  this  kind  have  repeatedly  been  enunciated 
with  referen/5e  to  American  petroleums — that  of  Pennsylvania  being 
attributed  to  marine  vegetation,  that  of  California  to  animal  remains. 
The  American  literature  of  petroleum  is  rich  in  suggestions  of  this 
order.' 

It  has  long  been  known  that  some  petroleums  are  optically  active; 
that  is,  they  are  able  to  rotate  a  ray  of  polarized  light,  sometimes  to 
the  right  and  sometimes  to  the  left.  This,  according  to  P.  Walden,* 
gives  us  an  important  datum  toward  determining  the  origin  of 
petroleum.  Only  the  oils  derived  from  organic  matter,  Walden 
asserts,  can  possess  this  property,  the  hydrocarbons  prepared  from 
inorganic  materials,  such  as  metallic  carbides,  being  optically  inert^ 
The  oils  distilled  from  coal,  which  is  evidently  of  vegetable  origin, 
are  active;  and  petroleum,  which  has  the  same  peculiarity,  is  presum- 
ably formed  from  similar  materials.  Tlie  activity  is  attributed  by 
some  writers  to  derivatives  of  cholesterin,  of  animal  origin,  or  else 
to  its  vegetable  equivalent,  phytosterin.^     Apart  from  this  detail  the 

1  Those  ocoanic  sediments  are  especially  noticed  by  Engler  in  a  paper  read  l)eforo  the  petroleum  congicss 
in  1900  (Cong,  interaat.  da  pdtrole,  Paris,  1000,  p.  28).  In  A.  Beeby  Thompson's  monograph,  The  oil  fields 
of  Hussia,  London,  1904,  pp.  85-87,  a  theory  is  developed  to  account  for  the  probable  formaticm  of  bitumens 
on  the  sea  bottom.  Thompson  regards  fish  remains  as  an  Important  source  of  supply.  G.  V.  Mikhailovski 
(Bull.  C^m.  g6oI.  St.  Petersburg,  vol.  25, 1908,  p.  319)  derives  the  Caucasian  petroleum  from  marme  sedi- 
ments. V.  B.  Morrey  (Bull.  Oeol.  Survey  Ohio,  No.  1, 1903,  p.  313)  suggests  that  bacteria  have  been  the 
thief  agents  in  transforming  other  organic  matter  into  hydrocarbons. 

»  Eclog.  Geol.  Helvet.,  vol.  2, 1800,  p.  87.  See  also  Arch.  sd.  phys.  nat.,  3d  ser.,  vol.  23, 1800,  p.  501 ;  vol. 
24, 1890,  p.  106.    Jaccard  studied  especially  the  bitumens  of  the  Jura. 

» In  addition  to  the  memoirs  already  cited,  see  the  reports  of  the  Second  Geol.  Survey  Pennsylvania. 
Also  J.  A.  Bownocker,  Geol.  Sur\-ey  Ohio,  4th  ser..  Bull.  No.  1, 1908;  8,  8.  Gorby,  Sixteenth  Ann.  Rept. 
Indiana  Dept.  Geol.  and  Nat.  Hist.,  1888;  W.  8.  Blatchley,  idem.  Twenty-eighth  Ann.  Rept.,  1904;  E. 
Haworth,  Kansas  I'niv.  Geol.  Survey,  vol.  1, 1896,  p.  232;  H.  P.  H.  Brumell.  Geol.  Suncy  Canada,  new 
ser.,  Ann.  Rept.  5,  Q,  1893;  and  W  J  McGee,  Eleventh  Ann.  Rept.  U.  8.  Geol.  Survey,  pt.  1, 1891,  p.  589. 
L.  iran>orath  (Bol.  Acad,  nac.cien.  Cordoba  (Argentina),  vol.  18, 19C5,  p.  153)  has  published  along  memoir 
on  petroleum  and  salt.  L.  V.  Dalton  (Econ.  Geology,  vol.  4, 1909,  p.  003)  advocates  the  organic  origin  of 
petroleum. 

*  Chem.  Zeitung,  vol.  30, 1906,  pp.  391, 1155, 1 168.  Walden  cites  many  examples  of  this  optical  acUvity. 
See  also  Engler,  idem,  p.  711,  and  F.  W.  Bushong,  Science,  vol.  38, 1913,  p.  39. 

»  See  M.  Rakusin,  Chem.  Zeitung,  vol.  30,  1906.  p.  1(M1;  Ber.  Deutsch.  chem.  Gesell.,  vol.  42, 1908,  pp. 
1211, 1640,  4675;  J.  Marcusson,  Chem.  Zeitung,  vol.  31, 1907,  p.  419;  vol.  32, 1908,  pp.  377. 301;  R.  Albrodit, 
Inaug.  Diss.,  Karlsruhe,  1907;  L.  Ubbelohde,  Ber.  Deutsch.  chem.  Gesell.,  vol.  42,  1909,  p.  3242;  vol.  43, 
1910,  p.  608.    R.  Zolozieckl  and  H.  Klarfeld  (Chem.  Zeitung,  vol.  31,  1907,  pp.  1155,  ll7Q^  <S5^afiMNSsa.^iM^ 
cholesicrin  theory  and  favor  that  of  Potoni4.    See  also  Zaioii«c3il«  C^yon^X.  t«iA.  ^lAso^5».\B^«TOs^..  V^ss3«»., 
Bucarest^  1910,  p.  718L 
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rt^nn*^,     j;„,(»st4)nes  of  Kentucky  ])ctroIeum  is  genen 
y/;.n»«''  ^^^^^^  j^  ^j^ly  0.10  i>cr  cent,  each  square  mile  of 

'Vll'll^^  of  500  feet,  would  yield  about  2,500,000  barrels  of  oil. 
','"'*    j„„ro  striking  are  tlie  figures  given  by  T.  Sterry  Hunt,'  who 
]'nuitcs  (hat  in  the  limestone  of  Chicago,  with  a  thickness  of  35 
f-Tif  ibcrc  arc  7,743,745  barrels  of  oil  to  each  square  mile  of  territory. 
Fiiruros  like  these,  together  with  the  computations,  previously  cited, 
iiiiuJc  by  Szajnocha  relative  to  Galician  petroleum,  lead  to  the  con- 
viction that  the  formation  of  bitumens  is  a  general  process  and  by 
no  means  exceptional.     Wherever  sediments  are  laid  down,  inclosing 
cither  animal  or  vegetable  matter,  there  bitumens  may  be  produced. 
The  presence  of  water,  preferably  salt,  the  exclusion  of  air,  and  the 
existence  of  an  impervious  protecting  stratum  of  clay  seem  to  bo 
essential  conditions  toward  rendering  the  transformation  possible. 
Si*aweeds,  moUusks,  crustaceans,  llshes,  and  even  microscopic  organ- 
isms of  many  kinds  may  contribute  material  to  the  change.     In  some 
cases  plants  may  predominate;  in  others  animal  remains;  and  the 
character  of  the  hydrocarbons  produced  is  likely  to  vary  accord- 
ingly, just  as  petroleum  varies  in  dilferent  fields.     In  one  region  we 
find  chielly  paraflins,  in  another  naphthenes,  and  in  another  nitroge- 
nous or  sulphureted  oils.     Such  ilifferences  can  not  bo  ignored,  and 
they  are  most  easily  explained  on  the  supposition  that  different 
materials  have  yielded  the  different  products.     On  this  class  of  prob- 
lems the  chemist,  the  geologist,  and  the  paleontologist  must  work 
together.     Physics  also  is  entitled  to  be  heard;  for,  as  D.  T.  Day' 
has  shown,  petroleum,  by  simple  fdtration  through  fuller's  earth,  can 

>  Fir -it  Ann.  liopt.  (Jool.  Survey  <.)hio,  ison,  ohapu-r  11;  (Jeol.  Survf-y  Kentucky,  Report  on  occurmioo 
of  pelrolcuin,  oic,  lsss-«i9. 

' Clioinir'al and  geolo^'iiijl ossays,  l87o, p.  lf>S. 

» Cong,  intcrnat.  inHrolo,  I'aris,  imx^,  p.  53.    See  also  J.  E.  (lilpin  and  O.  K.  Branslcy,  Am.  Chexn.  Jour., 

vol.  44, 1910,  p.  2'il;  an<l  CJilpin  and  V.  Schnecbcrgcr,  Am.  Chcni.  Jour.,  vol.  TiO,  1913,  p.  5fi.    Thoseauthors 

siww  that  fuller's  cartli  e.xcrts  a  selective  absorption  for  unssituratcil  hydroc:irl)ons  and  organic  sulphides. 

ffcofilso  C.  /^K'h.irdson,  Jour.  Inst.  Eng.Chcm.,vo\.^,\9\^,ip.  A,  on  the  possible  in Quence of  ooUolclal  chya 

in  transforming  ])Ctroloum  into  asphalt. 
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be  separated  into  fractions  which  differ  in  density  and  viscosity  and 
are  therefore  of  different  composition.  Such  a  filtration,  or,  more 
precisely,  diffusion,  must  take  place  in  nature  wherever  migrating 
hydrocarbons  traverse  permeable  strata. 

By  whatever  class  of  reactions  petroleimi  is  generated,  it  doubtless 
appears  first  in  a  state  of  dissemination.  TIow  does  it  become  con- 
centrated ?  This  question  does  not  fall  within  the  domain  of  chem- 
istry, and  can  not  be  properly  discussed  here.^  Probably  circulating 
waters  have  much  to  do  with  the  process,  but  whatever  that  may  be 
the  laws  governing  the  motion  of  liquids  must  inevitably  rule.  The 
oils  must  gather  in  proper  channels,  moved  by  gravitation,  or  by 
hydrostatic  pressure  of  waters  behind  or  below  them,  or  by  the  pres- 
sure of  dissolved  and  compressed  gases,  and  they  accumulate  in 
porous  rocks  or  cavities  imder  layers  of  impervious  material.  When 
the  latter  are  lacking,  or  when  the  hydrocarbons  enter  large  ai-eas  of 
porous  rocks,  they  may  be  either  evaporated  or  rediffused.  Pressure, 
temperature,  viscosity,  and  the  character  of  the  surrounding  rocks 
must  all  be  taken  into  account,  and  each  productive  area  needs  to  be 
studied  independently  with  reference  to  its  local  conditions. 

In  conclusion,  I  may  be  allowed  to  suggest  that  nearly  all  of  the 
proposed  theories  to  account  for  the  origin  of  petroleum  embody 
some  elements  of  truth.  Sokoloff's  cosmic  hypothesis  is  sustained  by 
the  fact  that  hydrocarbons  are  found  in  meteorites.  The  volcanic 
hypothesis  is  sustained  by  the  fact  that  hydrocarbons  occur  among 
volcanic  emanations.  The  organic  origin  of  petrolemn,  however, 
seems  to  be  best  supported  by  the  geologic  relations  of  the  hydrocar- 
bons, which  are  found  in  large  quantities  only  in  rocks  of  sedimentary 
character.  Any  organic  substance  which  becomes  inclosed  within 
the  sediments  may  be  a  source  of  petroleum,  and  when  the  latter 
happens  to  be  rich  in  nitrogen,  animal  matter  was  probably  the 
initial  material.  There  is  no  evidence  to  show  that  any  important 
oil  field  derived  its  hydrocarbons  from  inorganic  sources.* 

»  For  a  discussion  of  this  problem,  sec  n.  IT6fer,  Das  Erd61, 1906,  p.  223.  Also  G.  I.  Adams,  Trans.  Am. 
Inst.  Min.  Eng.,  vol.  33,  1903,  p.  340;  and  D.  T.  Day,  idem,  p.  1053.  Orton's  reports,  previously  cited, 
ct.ntain  important  contributions  on  this  theme. 

3  The  Controversies  relative  to  the  genesis  of  petroleum  have  created  a  voluminous  literature,  of  which 
only  the  main  points  have  been  considered  here.  For  an  excellent  summary  of  the  subject,  see  Engler 
and  llofcr's  great  treatise  Das  Erddl,  vol.  2,  Leipzig,  1909,  pp.  59-142.  On  the  genetic  relations  between 
petroleum  and  coal,  see  David  White,  Jour.  Washington  Acad.  Sci.,  vol.  5, 1915,  p.  1S9.  In  a  recent  paper 
(Jour.  Am.  Chcm.  Soc.,  vol.  41, 1910,  p.  1100)  C.  F.  Mabcry  has  shown  that  nitrogen  Is  an  almost  invari- 
able constituent  of  petroleum,  which  proves  the  organic  origin  of  the  oil. 


CHAPTER  XVn. 

COAL. 

ORIGIN    OF    COAI^ 

Although  doubts  may  exist  as  to  the  origui  of  petroleum,  there  are 
none  whatovor  as  to  the  essential  origin  of  coal.  It  is  obviously  de- 
rived from  vegetable,  matter,  by  a  series  of  changes  which  are  plainly 
traceable,  even  though  their  mechanism  is  not  fully  understood. 
Vegetation,  peat,  Ugnite,  soft  coal,  anthracite,  and  some  graphitic 
minerals  form  a  series  of  substances  which  grade  one  into  another  in 
an  unbroken  line,  reaching  from  complex  organic,  oxidized  com- 
pounds at  one  end  to  nearly  but  not  quite  pure  carbon  at  the  other. 
All  these  bodies,  except  perhaps  the  last,  are  indefinite  mixtures 
which  vary  in  composition,  and  it  is  therefore  impracticable  to  write 
chemical  equations  that  shall  properly  represent  their  transforma- 
tions. Such  equations,  to  be  sure,  have  been  suggested  and  written, 
but  they  embody  fallacies  which  are  easily  exposed.  They  st.art 
from  the  assumption  that  the  principal  initial  compound  contained 
in  vegetation  is  cellulose,  a  definite  carbohydrate  of  the  formula 
QIIioOs,  which  gradually  loses  carbon  dioxide,  marsh  gas,  and  water, 
and  so  yields  the  series  of  products  represented  by  the  different  kinds 
of  coal.^  This  assumption,  like  most  other  assumption^  of  its  class,  is 
partly  true  and  partly  false.  Cellulose  is  an  important  constituent 
of  vegetable  matt<>r,  but  it  stands  by  no  means  alone.  When  it 
decays,  it  loses  the  substances  named  above  and  it  also  undergoes 
other  changes  which  are  dilBicult  to  measure.  In  every  swamp  or 
peat  bog  the  waters  are  charged,  more  or  less  heavily,  with  soluble 
organic  matter  of  which  the  written  reactions  take  no  account.  This 
soluble  matter  is  found  in  the  waters  of  all  bogs  and  streams,  and  it 
is  just  as  much  a  factor  in  the  real  reactions  as  are  the  gaseous  prod- 
ucts or  the  solid  carbonaceous  residues. 

If,  instead  of  the  composition  of  cellulose,  we  begin  with  the  com- 
position of  wood,  we  shall  have  a  better  starting  point  for  our  series 
of  derivatives.  Wood  or  woody  fiber  is  by  no  means  the  only  sub- 
stance to  bo  considered,  but  it  is  the  most  important  one,  and  its 
ultimate  composition  has  been  well  determined.     Its  proximate  com- 

»  The  formula  CellioOi  represents  only  the  empirical  composition  of  cellulose,  and  not  its  true  molecular 
weight.  According  to  A.  NastukolT  ( Bcr.  Deutsch.  chem.  ( JcselL,  vol.  33, 1900.  p.  2237),  tho  true  fonnula 
Is  probably  40C«lIio()i,  or  C5ioH4ooOMo.  This  may  be  an  exaggeration,  but  tho  molecular  weight  ofcelluloso 
is  certainly  high.  For  un  attempt  to  writo  chemical  equations  representing  coal  fomiatioiiy  aee  J.  F.  Hoff- 
mann. Beitr.  (icophys.,  vol.  7,  1905,  p.  327. 
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position  is  not  so  clearly  known^  but  certain  available  facts  are  per- 
tinent to  the  present  discussion.  It  contains  cellulose,  CeHj^Os,  and 
a  substance  known  as  lignone,  lignin,  or  lignocrilulose,  in  about 
equal  proportions,  togeth^  with  other  minor  oi^anic  constituents, 
such  as  gums  and  resins,*  and  some  inorganic  matter  which  forms  its 
ash.  To  lignocellulose,  according  to  Cross  and  Bevans,'  the  formula 
CioHjgOg  may  be  assigned;  and  it  is  best  represented  by  jute  fiber, 
which  consists  almost  wholly  of  this  substance. 

If,  now,  we  compare  the  percentage  composition  of  cellulose,  ligno- 
cellulose, and  wood,  we  shall  see  how  imsafe  it  is  to  write  equaticms 
intended  to  show  the  derivation  of  coal  upon  the  basis  of  either  d^- 
nite  compound  alone.     The  data  are  as  follows: 

Composition  of  cellulose^  Ugnoeellulose,  and  wood, 

A.  The  composition  of  cellulose,  calculated  from  its  formula. 
H.  The  composition  of  lignocellulose,  similarly  computed. 

C.  The  average  composition  of  twentj-fbur  woods,  analyzed  by  Petersen  and  Schddler,  Liobi^s  Anna* 
ien.  vol.  17, 1836,  p.  139.   Samples  dried  and  finely  powdered. 

D.  Average  of  thirty-fiix  analjrses  of  five  different  woods,  by  E.  Chovandicr,  Annalcs  chim.  phys.,  3d 
scr.,  vol.  10, 1844,  p.  129.    Samples  dried  in  vacuo  at  140**. 

£.  Average  of  eight  analyses  of  woods  by  W.  Baer,  Jahresb.  Chemie,  1347-4S.  p.  11 12.  .Vsli  from  0.S3  to 
2.03  per  cent. 

F.  Average  of  seven  Danish  woods,  analyzed  by  E.  Gottlieb,  Jour.  Chcm.  Soc.,  vol.  40,  18S4,  p.  477 
(abstract).   Dried  at  115^ 

(r.  Average  composition  of  five  acrogen  plants,  of  the  genera  Lycopodium,  Equuctum,  Aspidxum.  and 
Ojathta,  hy  O.  W.  Hawes,  Am.  Jour.  Sci.,  3d  scr.,  vol.  7, 1874,  p.  5Sj.  In  Equi$etum  the  ash  ran  as  high 
asll.S2percent. 


A 

B 

c 

D       E 

F 

49.76 

6.14 

44.10 

o 

c 

44.43 

6.22 

49.35 

47.06 

5.89 

47.05 

49.31 

6.29 

44.40 

51.  21   49. 16 

6.  24    6. 10 

42.  55   44. 74 

48.83 

H 

6.37 

0 

44.80 

100.00 

100.00 

100.00 

100.  00  100. 00 

100.00 

100.00 

All  of  these  analyses  are  recalculated  to  an  ash-free  basis.  In  the 
table,  for  uniformity,  the  nitrogen  is  added  to  the  oxygen.  Chevan-* 
dier  found,  in  mean,  1.10  per  cent  of  nitrogen  in  his  woods,  but  Gott- 
lieb obtained  only  0.04  to  0.10.  In  Hawes's  analyses  the  nitrogen 
ranged  from  1.21  to  2.17  per  cent.  The  diflferences  between  the  wood 
analyses  are  principally  due  to  differences  in  drying. 

From  these  figures  we  see  that  cellulose  contains  about  5  per  cent 
more  oxygen  than  carbon,  while  in  wood  the  reverse  statement  is  very 
nearly  true.  Even  lignocellulose  contains  less  carbon  than  is  actually 
found  in  wood.  The  figures  for  wood  given  in  column  F  approximate 
very  nearly  to  the  formula  CflH904,  and  that  expression  might  bo 
used  were  wood  a  definite  substance.     Its  employment,  however,  is 

1  Sec  M.  Singer,  Monatsh.  Chemie,  vol.  3,  1^2,  p.  395,  on  the  subordinate  constituents  of  wood.    Ttaa 
subject  is  one  which  can  not  be  properly  developed  here, 
t  Jour.  Chem.  Soc.,  vol.  55, 1889,  p.  199. 
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moro  likely  to  cause  misapprehension  than  to  aid  in  the  elucidation  of 
pn)blonis.  At  best  it  can  only  bo  taken  as  a  convenient  collocation 
of  symbols,  more  easily  borne  in  mind  than  the  actual  percentages. 

It  is  generally  admitted,  I  think,  by  all  competent  investigators 
that  coal  originated  from  vegetation  which  grew  in  swampy  or 
marshy  ])Iaces.  As  the  vegetation  died  it  underwent  a  partial  decay 
and  was  buried  imder  successive  layers,  either  of  matter  like  itself  or 
else  of  sediments  such  as  clay.  In  that  way*it  was  protected  from 
complete  atmospheric  oxidation  and  at  the  same  time  subjected  to 
a  gradually  increasing  pressure  and  doubtless  to  some  heat  gener- 
ated thereby.  The  vegetation  was  of  many  kinds-— trees,  ferns, 
grasses,  sedges,  mosses,  etc. — and  these  all  contributed  variously  to 
the  fonnation  of  the  future  coal.  Trees  standing  erect  within  a  bed 
of  coal,  their  roots  still  remaining  embedded  in  an  underlying  stratimi 
of  clay,  tell  a  part  of  the  story.  Fossil  ferns,  and  even  the  remains 
of  microorganisms,  also  add  their  testimony  to  what  has  occurred. 
In  some  cases  beds  of  lignite  represent  submerged  forests;  and  in 
others,  as  shown  by  many  geologists,  the  coal  was  probably  formed, 
not  from  vegetation  in  place,  but  from  drifted  materials,  a  condition, 
however,  which  does  not  affect  the  chemistry  of  the  carbonizing 
process.  The  slow  decay  of  the  buried  substances  is  the  essential 
thing  for  the  chemist  to  consider.  With  the  vegetable  matter  some 
animal  remains  were  undoubtedly  commingled,  helping  to  increase  the 
nitrogen  content  of  the  coal ;  and  the  ash  of  the  latter  was  augmented 
by  more  or  less  inorganic  sediment,  derived  from  the  wash  of  the 
land  in  times  of  flood.  Certain  coals  and  carbonaceous  rocks,  such 
as  cannel.  Boghead,  oil  shale,  etc.,  are  attributed  by  H.  Potoni6  *  to 
the  decomposition  of  **sapropel,''  a  sort  of  slime  made  up  largely  of 
gelatinous  algae,  mixed  with  some  animal  remains.  This  view  has 
received  much  acceptance,  but  E.  C.  Jeffrey  ^  has  shown  that  in 
some  cases  at  least  the  supposed  fossil  alga>  are  really  the  spores  of 
vascular  cryptogams. 

In  their  memoir  on  the  origin  of  coal  U.  White  and  R.  Thiessen ' 
give  an  excellent  summary  of  the  diverse  theories  upon  the  subject. 
Their  conclusions,  based  on  field  studies  and  microscopic  investiga- 
tions, are  that  **all  coal  was  laid  down  in  beds  analogous  to  the  peat 
beds  of  to-day.''  They  regard  it  as  ^*  chiefly  composed  of  residues 
consisting  of  the  most  resistant  components  of  plants,  of  which 
resins,  resin  waxes,  waxes,  and  higher  fats,  or  the  derivatives  of  the 
compounds  comprising  them  are  the  most  important."     The  algal 

>  Die  Entstchung  dor  Steinkohlc,  Berlin .  1910.  See  also  citation  in  the  preceding  chapter  and  the  refer- 
ences to  the  work  of  Uertrond  and  Renault.  Also  II.  Stremmc,  Monatsber.  Deutsch.  geoL  QesdL,  vol.  50, 
1907,  p.  153. 

»  Proc.  Am.  Acad.  Arts  and  Sci.,  vol.  46,  1910,  p.  273.  Fcr  a  recent  paper  hy  Jefltey  on  the  origin  of 
coal  siKJ  Jour.  fJeology.  vol.  23,  lUir.,  p.  218. 

3  The  origin  of  coal:  Hull.  U.  S.  Hur.  Mines  No.  3-S,  1913.  Another  important  work  on  the  suhjcct  is 
by  O.  Stutzer,  Kohle  (Allgomeine  K<ihlcngcolrgie),  Berlin,  1914. 
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and  gelosic  theories  of  the  origin  of  coal  they  dismiss  as  undemon- 
strated.  The  views  of  White  and  Thiessen  probably  represent  the 
general  consensus  of  opinion. 

The  oil  shales,  from  which  shale  oil  is  distilled,  especially  in  Scot- 
land, seem  to  be,  in  one  sense  at  least,  intermediate  between  coal 
and  petroleimi.  That  is,  they  may  contain  some  original  oil,  but 
most  of  the  product  is  the  result  of  the  destructive  distillation  of 
matter  analogous  to  certain  varieties  of  bituminous  coal  or  of  asphalt, 
just  as  in  the  production  of  illuminating  gas  the  heavier  hydro- 
carbons are  broken  down,  yielding  lighter  oils,  tarry  matter,  and  gas. 
Ammoniacal  solutions  are  also  produced  and  form  a  valuable  part 
of  the  yield.  According  to  D.  E.  Winchester,^  who  has  studied  the 
oil  shales  of  Colorado  and  Utah,  the  shales  contain  an  immense  amount 
of  vegetable  matter,  with  some  remains  of  fishes  and  insects.  From 
these  substances  the  oil-producing  hydrocarbons  were  evidently 
derived. 

A  moment  s  consideration  will  suffice  to  show  that  tlie  process  of 
vegetable  decay  could  not  have  been  uniform.  The  softer  plant  tis- 
sues decompose  most  rapidly;  the  more  compact  ligneous  masses 
endure  much  longer.  Even  the  trunks  of  trees  must  exhibit  similar 
variations,  for  woods  diflFer  in  hardness  and  compactness,  and  the 
resinous  varieties  will  rot  the  slowest  of  all.  The  resins  themselves 
show  the  minimum  of  change,  and  where  they  were  most  abundant 
their  fossil  remnants  are  found.  Amber,  fossil  copal,  the  waxes 
found  in  peat  bogs,  and  a  multitude  of  similar  substances  have  been 
thus  preserved.  In  lignite  and  bituminous  coal  aggregations  and 
often  large  masses  of  resinous  bodies  not  infrequently  occur,  and  in  a 
disseminated  form,  unrecognizable  by  the  eye,  they  must  be  almost 
invariably  present.  Their  quantity,  of  course  would  depend  upon 
the  exact  character  of  the  vegetation  from  which  a  given  coal  bed 
was  formed. 

The  nature  and  distribution  of  tlie  fossil  resins  deserve  much  more 
careful  study  than  tliey  have  yet  received.  Much  rarer  than  the 
resins  are  the  salts  of  organic  acids,  wliich  are  sometimes  found  in 
coal,  especially  in  lignite.  Three  of  these  are  well-defined  species, 
namely,  whewellite,  calcium  oxalate;  humboldtine,  ferrous  oxalate; 
and  mellite,  the  aluminum  salt  of  melUtic  acid,  AlCaOe-QlIjO.  Com- 
pounds of  this  class  are  significant  in  showing  the  range  and  variety 
of  the  reactions  which  take  part  in  the  formation  of  coal.  Oxalic 
acid  is  easily  formed  from  cellulose,  and  it  is  therefore  surprising  that 
its  salts  are  not  more  frequently  discovered  in  peat  or  coal.  The 
soluble  oxalates,  of  course,  would  be  leached  away;  but  calcium 
oxalate  is  insoluble  and  ought  to  be  more  common. 

»  Econ.  Geology,  vol.  12, 1917,  p.  505;  Bull.  U.  S.  Geol.  Survey  Nos.  641-F,  1916,  and  691-B,  1918.  The 
last  bulletin  contains  an  extensive  bibliography  of  the  subject.  On  the  Scottish  oil  shales  and  torbanlte, 
see  H.  H.  J.  Conacher,  Geol.  Mag.,  1917,  p.  93. 
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In  addition  to  its  organic  constituents  coal  also  eontaina  iBore  or 
less  inorganic  matter  which  on  combustion  remains  as  ash.  This 
was  originally  for  the  most  part  of  sandy  or  clayey  character^  of 
variable  composition;  but  rarer  impurities  are  sometimes  found. 
The  occurrence  of  gold,  ailyer,  vanadium,  and  uranium  was  already 
noticed  in  Chapter  XV  of  this  work;  and  to  these,  according  to 
Stutzer,  molybdenum  must  be  added.  Stutzer  *  also  mentions,  as 
having  been  foimd  in  coal,  millerite,  cinnabar,  chalcopyrite,  bomite, 
sphalerite,  galena,  and  malachite.  Pyrite  or  marcasite  is  commonly 
present,  and  often  in  annoying  quantities.  The  almost  omnipresent 
radium  was  detected  in  certain  Alabama  coals  by  S.  J.  Lloyd  and 
J.  Cuimingham.' 

PEAT. 

The  lh*st  stage  in  the  development  of  coal  from  v^etable  matter 
seems  to  be  represented,  at  least  approximately,  by  the  formation  of 
peat.  The  process,  as  observed,  has  already  been  outlined.  Mosses, 
grasses,  and  other  plants — any  plants,  in  fact,  which  can  thrive  in 
marshes — grow,  die,  and  are  buried,  layer  after  layer.  On  the  sur- 
face of  a  bog  we  see  the  growing  plants;  a  little  below  the  surface, 
their  recognizable  remains;  still  deeper,  we  find  a  Uack, semigelati- 
nous  substance  from  which  the  vegetable  structure  has  largely  dis- 
appeared.' This  substance,  saturated  with  moisture,  is  i)eat;  dried, 
it  becomes  a  valuable  fuel. 

Many  analyses  of  peat  have  been  made,  and,  as  might  be  expected, 
they  vary  widely.  The  following  series  by  J.  Websky  *  is  especially 
suggestive.  The  samples  were  dried  at  100°,  and  the  analyses  calcu- 
lated on  an  ash-free  basis. 

Analyses  of  sphagnum  and  peat. 


A.  Sphagnum » the  chief  plant  of  the  peat  bogs. 

B.  Light  pcal,  near  surface. 

C.  Light  peat. 


D.  Moderately  light  peat. 

E,  F.  Black  peat. 

G.  Heavy  brown  peat. 


A 

D 

c 

I) 

E 

F 

G 

c 

49.88 
6.54 

42.42 
L16 

50.33 
5.99 

42.63 
1.05 

50.86 

5.80 

42.57 

.77 

59.71 
5.27 

32.07 
2.95 

59.70 
5.70 

33.04 
L56 

6ft  71 
6.27 

32.07 
2.95 

62.54 

n 

0 

6.81 
29.24 

N 

L41 

100.00 

100.00 

100.00 

100.00 

loaoo 

loaoo 

100.00 

The  progressive  increase  m  carbon  in  passing  from  sphagnum  to 
heavy  peat  is  clearly  shown. 


>  Op.  oil.,  pp.  19,  193. 

» .iVm.  Chem.  Jour.,  vol.  SO,  1»13,  p.  47. 

*  On  the  rapidity  of  fcHination  of  peat,  see  a  summary  by  G.  H.  Ashley,  Ecoii.  Goologyr 

♦  Jour,  pralrt.  Chemie,  vol.  92, 1864,  p.  fi5. 
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.  A  few  other  aiuklyaes  of  peat  may  he  profitably  cited  as  follows:^ 

Analyus  of  peat. 

A.  From  Thdsy,  France.    Analysis  by  Marsilly,  Annales  dcs  mines,  5tli  ser.,  vol.  12,  p.  -406.    Dried  24 
hours  in  vacuo. 
D.  From  Comon,  France.    Also  by  Marailly,  who  gives  seven  analyses  in  all.    Dried  24  hours  in  vaouoi. 

C.  From  ilor  in  Schoneo.    Analysis  by  O.  Jaoobsen,  T^iebig's  Anoalen,  vol.  157, 1871,  p.  240.    Dried 
at  100*. 

D.  From  a  lake  in  Cashmere.    Analysis  by  C.  Tookey.  See  Percy's  Metallurgy,  vol.  1, 1875,  p.  206. 

E.  Average  often  analysis  cited  by  Roth,  Allgemeine  ohemischo  Geologle,  vol.  2,  p.  642. 


A 

n 

r 

D 

E 

c 

50.67 
5.76 

34.95 
1.92 
6.70 

46.11 
5.99 

35.87 
2.63 
9.40 

51.38 
6.49 

35.43 
1.68 
5.02 

37.15 
4.08 

23.48 
2.02 

33.27 

51. 97 

H 

6.05 

O 

34.02 

N 

1.34 

Aflh 

6.61 

100.00 

100.00 

100.00 

100.00 

100.00 

Reduced  to  an  ash-free  basis,  in  order  to  compare  the  organic  mat- 
ter with  that  of  wood,  the  analyses  assume  the  following   form 

Analyses  of  peat  reduced  to  ash-free  basis. 


A 

n 

c 

D 

E 

c 

54.31 
6.18 

37.46 
2.05 

50.89 
6.61 

39.58 
2.92 

54.10 
6.83 

37.30 
1.77 

55.67 
6.11 

35.19 
3.03 

55.65 

H 

6.48 

0 

36.43 

N 

1.44 

100.00 

100.00 

100.00 

100.00 

100.00 

As  compared  with  the  data  already  given  for  wood,  these  figures 
show  an  increase  in  carbon,  a  decrease  in  oxygen,  and  a  notable  en- 
richment in  nitrogen.   The  last  gainmay  be  partly  from  animalmatter. 

The  nature  of  the  changes  which  have  taken  place  in  the  transfor- 
mation of  vegetable  matter  into  peat  is  imperfectly  imderstood. 
When  ligneous  fiber  decays  it  yields  an  amorphous  mixture  of  sub- 
stances which  are  known  collectively  as  humus,  and  are  partly  of 
acidic  nature.  The  substances  are  very  ill-defined  bodies,  although 
various  formulae  have  been  assigned  to  them,  but  none  can  be  said 

^  For  still  other  analyses,  see  Roth  and  Percy,  as  cited,  and  vol.  1  of  Grovo  and  Thorp's  Chemical  tech- 
noiojry,  pp.  14-20.  In  the  latter  work,  p.  16,  will  be  found  27  analyses  of  peat  ashes,  by  Kane  and  Sullivan. 
Peterson  and  Ncssler  (Neues  Jahrb.,  1881,  p.  82)  give  17  ultimate  analyses  of  Germaa  peat,  with  separate 
analyses  of  the  ash.  In  a  paper  by  II.  D.  Kilmmel  (Econ.  Geology,  vol.  2,  1907,  p.  24),  liiere  are  many 
tocbnical  analyses  of  New  Jersey  peat,  with  calorimetric  data.  On  the  mechanism  of  peat  formation,  ace 
N.  S.  Shalor,  Sixteenth  Ann.  Rcpt.  U.  S.  Geol.  Survey,  pt.  4, 1895.  p.  306.  An  important  general  paper  oo 
peat,  its  rate  of  growth,  its  resins,  etc.,  by  R.  Angus  Smith,  is  given  in  Miem.  Lit.  PhikB.  Soe.  Miuiohestcr, 
1$7G,  p.  2S1.  Sco  also  T.  R.  Jones,  Proc.  Geologists'  Assoc.,  vol.  G,  ISW,  p.  207,  and  C.  A.  Davis,  Ropt.  State 
Board  C^eol.  Survey  Micliigaii,  190G,  p.  97,  and  Econ.  Geology,  vol.  5, 1910,  p.  37.  Davis  also  has  a  chspUr 
on  peat  la  White  and  Thicssen's  memoir. 
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to  be  established.  The  acid  portions  dissolve  in  alkaline  solu- 
tions, and  so  are  partly  washed  away;  but  the  salts  formed  with  lime 
and  iron,  being  insoluble,  probably  remain  behind.  The  ash  of  peat 
is  commonly  rich  in  lime,  not  as  carbonate,  and  also  in  iron,  the  latter 
appearing  often  in  large  beds  of  bog  ore.  The  formation  of  the  himius 
appears  to  take  place  by  a  fermentative  process,  which  eliminates 
some  carbon,  hydrogen,  and 'oxygen  in  the  form  of  carbon  dioxide, 
marsh  gas,  and  water;  and  micro-organisms  play  some  part  in  pro- 
ducing the  changes  observed.  On  this  point,  however,  there  is 
some  doubt,  Fruh  and  Schroter,^  for  example,  regarding  the  microbian 
influence  is  very  small. 

Broadly  speaking,  with  temporary  disregard  of  minor  constitu- 
ents, a  bed  of  peat  may  be  said  to  consist  of  water,  inorganic  matter, 
vegetable  fiber,  and  humus.  From  this  point  of  view  H.  Bomtrager  * 
has  made  analyses  of  peat,  finding  in  the  black  varieties  from  25  to 
60  per  cent  of  humic  substance,  with  30  to  60  of  fiber.  Two  of  his 
analyses  are  as  follows : 

Analysis  of  peat  (Bomtr&ger), 

A.  Liqht -colored  poat,  Hannover.    Moan  of  two  analyses. 
\^.  lilack  I'cat,  Oldenburg. 


Water 

Ash 

Fibor 

Humus  a(.'i(b. 


A 

29.50 

a  05 

54:95 

12.50 

B 

20  0 

3  0 

47  0 

30  0 

100.00 

ICO.  0 

In  the  light-colored  j)eat  evidently  the  changes  have  not  gone  so 
far  as  the  other. 

In  some  peat  beds  isolated  masses  of  humic  substance  are  found,  to 
-svhich  the  mincralogical  name  dopplerite  has  been  given.*  According 
to  F.  G.  Kaufmann,*  this  substance  is  identical  with  the  part  of  peat 
which  dissolves  in  caustic  alkali  solutions,  and  he  therefore  regards 
peat  as  a  mixture  of  dopplerite  with  ])artly  decomposed  vegetable 
matter.  He  gives  analyses  by  Miihlberg  of  dopplerite  from  the  peat 
of  Obbiirgen,  Canton  Unterwalden,  Switzerland,  which,  in  mean,  are 
as  follows: 


1  Die  Moore  der  Schweiz,  Bern,  1901,  a  superb  quarto  monograph  issued  by  the  Swiss  Geological  Com- 
mission. Sec  especially  chapter  3,  on  peat.  The  volume  contains  a  bibliography  of  280  titles.  On  the 
microbian  side  of  the  question,  sec  B.  Renault,  Compt.  Rend.,  vol.  127, 1898,  p.  825. 

2  Zcitschr.  anal.  Chcmir,  vol.  39, 1900,  p.  fi94:  vol.  40, 1901,  p.  C39. 

« See  Dana,  System  of  mineralogy  ,  6th  ed.,  p.  1014.    For  additional  data  on  dopplerite,  see  C. 
Chem.  Zeitung,  vol.  22,  1898,  p.  523,  and  W.  Alexcjeff,  Zeitschr.  Kryst.  Min.,  vol.  20, 1902,  p.  187. 
« Jahrb.  K.-k.  geol.  Relschsanstalt,  vol.  15, 1865,  p.  283. 
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Average  composUion  o/dopplerit£, 

C. 66.46 

H 6.48 

0+N 38.06 

100.00 

The  organic  portion  of  dopplerite  from  the  original  locality  at 
Aussee,  Styria,  gave  W.  Demel*  nearly  identical  results,  and  he 
assigns  to  the  substance  the  formula  CuHi^O,.  Its  actual  occur- 
rence in  peat,  howeyer,  is  thought  by  Demel  to  be  as  a  lime  salt  and 
not  as  the  free  organic  acid. 

Peat  also  contains  some  ill-defined  resinous  substances^  which  are 
extractable  by  solution  in  hot  ether  or  alcohol.  In  O.  Jacobsen's 
experiments^  their  quantity  ran  from  2.5  to  3.26  per  cent.  A  crystal- 
line hydrocarbon,  fichtelite,  is  sometimes  found  in  the  buried  conifer- 
ous woods  of  peat  beds.  It  appears  to  have  been  derived  from  the 
terpenes  of  the  wood,  but  its  exact  nature  is  imcertain.'  C.  Hell 
assigned  it  the  formula  ^  C80H54,  and  L.  Spiogel  has  argued  in  favor 
of  CigHjo.  The  possible  derivation  of  petroleum-like  hydrocarbons 
from  peat  was  discussed  in  the  preceding  chapter. 

In  its  youngest  forms  peat  is  loosely  compacted,  but  as  it  accumu- 
lates the  under  portions  become  compressed,  and  what  was  once  a 
foot  thick  may  shrink  to  3  inches.^  In  various  locahties  peat  beds 
have  been  found  buried  beneath  sediments  or  drifts.  Dawson*  men- 
tions peat  underlying  boulder  clay  in  Cape  Breton  Island,  and  beds 
covered  by  drift  have  been  reported  in  lowaJ  In  aU  probability 
these  occurrences  are  not  exceptional,  and  the  pressure  developed  by 
the  covering  material  doubtless  aids  in  the  transformation  of  peat 
into  coal.* 

LIGNITE. 

Under  the  names  lignite  and  brown  coal  a  number  of  substances 
are  comprised  which  lie  between  peat  on  one  side  and  bituminous 
coal  on  the  other.  The  names  are  conventional  and  not  always 
appropriate,  for  some  lignites  are  not  ligniform,  and  others  are  not 

>  Ber.  Deutsch.  chem.  Gesell.,  vol.  15, 1882,  p.  2961. 

>  Liebig's  Annalen,  vol.  157, 1871,  p.  240.    See  also  Mulder,  Idem.  vol.  32,  1839,  p.  306. 

s  On  fichtelite,  see  T.  E.  Clark,  Liebig's  Annalen,  vol.  103,  1857,  p.  236;  C.  Hell,  Ber.  Deutsch,  chem. 
Gesell.,  vol.  22, 1889,  p.  498;  E.  Bamberger,  idem,  p.  635,  and  L.  Spiegel,  idem,  p.  3369.  Also  M.  Schuster, 
Nf  in.  pet.  Mitt.,  vol.  7, 1885,  p.  88. 

*  Reduced  to  simpler,  comparable  terms,  these  formulic  become,  respectively,  CuHsr  and  CiftH^.  The 
difference  is  slight. 

•  See  G.  H.  Ashley,  Econ.  Geology,  vol.  2,  1907,  p.  34. 

*  Acadian  geology,  2d  ed.,  p.  68. 

'  See  T.  H.  MacBride,  Proc.  Iowa  Acad.,  vol.  4, 1897,  p.  63;  and  T.  E.  Savage,  idem,  vol.  II,  1903,  p.  103. 

•  On  American  peats,  see  H.  Ries,  Fifty-fifth  Ann.  Rept.  New  York  State  Mus.,  1903,  p.  r55;  A.  L. 
Parsons,  idem,  Fifty-seventh  Ann.  Rept.,  vol.  1,  1905,  p.  16.  Parsons  cites  many  analyses.  In  Ann. 
Rept.  State  Geologist  New  Jersey,  1906,  p.  223,  W.  E.  McCourt  and  C.  W.  Parmalee  describe  peat  deposits 
and  give  a  bibliography  of  the  subject.  See  also  R.  Chalmers,  Mln.  Res.  Canada,  1904,  Bull,  on  Peat,  for 
Canadian  data.  A  partial  bibliography  of  peat  is  given  by  J.  A.  Holmes  in  Bnll.  U.  S.  Geol.  Survey  No. 
290,  1906,  pp.  11-15. 
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brown,  but  black.  Geologically,  they  arc  modern  c^eals,  Tertiary  and 
Mesozoic,  and  their  composition  bears  some  relation  to  their  age. 
The  most  recent  approach  peat;  the  oldest  are  nearer  the  true 
coals.  This  is  a  general,  not  an  absolute  relation,  for  in  some  cases 
lignites  have  been  transformed  into  apparently  bituminous  coals,  or 
even,  by  metamorphic  action,  into  anthracitic  varieties.*  In  many 
instances  fossil  charcoals  have  been  observed,  resembling  ordinary 
.charcoal;  and  these  owe  their  peculiarities,  perhaps,  to  forest  fires, 
caused  either  by  lightning  or  by  eruptions  of  igneous  rocks.* 

Among  the  lignites  several  distinct  varieties  exist,  which  have 
recoivod  characteristic  names,  as  follows: 

1.  True  or  xyloid  lignite.  This  is  essentially  fossil  wood  in  which 
the  ligneous  structure  is  more  or  less  perfectly  preserved. 

2.  Earthy  brown  coal.  This  variety  is  earthy  in  structure,  as  its 
name  indicates,  and  it  is  often  accompanied  by  mineral  resins  or 
fossil  hydrocarbons. 

3.  Common  brown  coal.  The  common,  compact  form  of  lignite, 
and  the  one  best  known  as  a  fuel. 

4.  Pitch  coal,  a  compact  variety,  so  named  for  its  peculiar  luster. 

5.  Glance  coal.  A  hard  and  very  compact  form  of  lignite,  most 
nearly  resembling  the  Carboniferous  coals. 

6.  Jet.  A  very  hard  variety,  probably  derived  from  the  fossiliza- 
tion  of  coniferous  wood.*  Used  for  jewelry  and  other  ornamental 
purposes. 

As  might  bo  supposed,  the  lignites  exhibit  a  wide  range  of  variation 
in  their  composition.  The  following  analyses,  selected  from  a  table 
in  Percy's  Metallurgy,*  show  this  fact  clearly.  They  have  been  recal- 
culated upon  an  ash-free,  water-free  basis. 

Analyses  of  foreign  lignites. 

A.  From  Teudits,  Germany.    Analysts  by  Wagner. 

B.  From  Sardinia.    Analyst  not  named. 

C.  From  Schonfcld,  Bavaria.    Analysis  by  Neadtwicfa. 

D.  From  European  Turkey.    Analyzed  by  W.  J.  Ward  in  Percy's  laboratory. 

E.  From  Sardinia.    Analyzed  by  C.  Tookey,  in  Percy's  laboratory. 


C :     67.02 


H.... 
O+N 


5.94 
37.04 


I 


n 


63.71 

5.05 

31.24 


100. 00     100. 00 


1 

D 

E 

69.82 
5.90 

24.28 

75.08 

5.44 

19.48 

82.26 

6.52 

11.22 

100.00 

100.00 

100.00 

1  These  tranffformations  have  been  doubted  by  Donatti,  whose  work  is  cited  lat<T. 

*  See,  for  example,  A.  Daubr^e,  Compt.  Rend.,  vol.  19  *844,  p.  I2ff,  on  "mineral  dtareoal"  from  the 
Biiiirtiraekon  eoal  field. 

*  See  P.  E.  Spielmami,  Cbem.  News,  vol.  94, 1906,  p.  281 :  vol.  97, 1906,  p.  181 .    For  an  aaslyiit  olSpMidi 
jet  see  7.  B.  Beussingault,  Annales  ehim.  phys.,  5th  ser.,  \tA.  r>,  1W3,  p.  383.    The  latter  nwi 
many  other  analyses  of  fDasil  «onbi»t4Mes. 

*  187.5  edition,  vol.  1,  pp.  312-313.    From  a  table  of  41  analyses. 
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For  technical  purposes  coal  analyses  are  commonly  reported  in  a 
different  form.  Moisture  and  ash  are  important  factors  to  consider, 
and  so,  too,  is  the  distinction  between  the  "volatile  matter"  and  the 
"fixed  carbon."  In  lignites  the  moisturb  is  usually  very  high,  for 
these  coals  are  peculiarly  hygroscopic.  Like  otiier  coals,  they  also 
contain  sulphur,  which  is  partly  organic,  partly  present  as  indosures 
of  pyrite  or  marcasite,  and  partly  in  the  form  of  sulphates,  such  as 
gypsum.^  The  following  analyses  from  the  reports  of  the  fuel-test- 
ing plant  of  the  United  States  Geological  Survey  '  are  fair  examples 
of  the  technical  mode  of  statement.     All  samples  were  air  dried. 

Analyses  of  American  lignites. 

A.  Brown  lignite,  Wiitiston,  North  Dakota. 

B.  Lignite  from  Texas. 

C.  Lignite  from  Tesla  mine,  Alameda  County,  California. 

D.  Lignite  from  Wjromlng. 

E .  Black  lignite  lh>m  Red  Lodge,  MooCana.    A  ooal  of  doubtful  chaiAOter.    Not  oertainly  lignite. 


Moisture 

Volatile  matter 
Fixed  carbon . . 
Ash 

Sulphur 


A 

16.70 

87.10 

39.49 

6.71 

B 

c 

D 

22.48 
3L36 
26.73 
19.43 

18.51 
35.33 
30.67 
15.49 

17.69 

37.96 

39.57 

4.79 

100.00 
.63 

* 

100.00 

.56 

100.00 
3.05 

1 

100.00 

.63 

9.05 
36.70 
43.03 
11.22 

100.00 
1.76 


The  elementary  analyses  of  these  coals,  when  ash,  mositure,  and 
sulphur  are  thrown  out,  show  less  variation. 

Elementanf  analyses  of  American  lignites. 


A 

72.62 
4.93 
1.20 

21.25 

li 

C 

D 

E 

c 

73.63 
5.07 
1.35 

19.95 

75.19 
6.18 
1.04 

17.59 

75.97 
5.36 
1.41 

17.26 

77.47 

H * 

5.44 

N 

1.75 

0 

15.34 

100.00 

100.00 

100.00 

100.00 

100.00 

For  further  comparison  of  the  lignites  with  other  fossil  fuels,  the 
subjoined  averages  will  be  useful.  The  data  are  reduced  to  an  ash- 
free  and  water-free  standard. 


1  The  roslnoid  substances  which  have  been  named  quisqueitc,  tasmanite,  and  trinkerite  ue  rich  in 
organic  sulpiiur  oompomkb  of  uwleterniined  rt»ncter.    See  Dana,  System  ot  miaeaiogy,  (itk  ed.,  p.  1U.9. 

<Prof.  Paper  No.  48,  pt.l,aad  Butt.  No.  200^  1966.  Analyses  made  under  the  diiectkni  of  E.E.fiommar- 
meier. 
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Average  analyses  of  lignites. 

A.  Average  of  22  Texas  lignites,  analyzed  by  Magnenat  and  Woolen.  Dried  at  106*.  From  B.  T. 
Dumble's  Report  on  the  brown  coal  and  lignite  of  Texas:  Oeol.  Survey  Texas,  1802,  p.  213.  This  ▼olume 
contains  many  technical  analyses  of  lignites  and  also  tables  of  analyses  ol  Qennan,  Austrian,  and  Italian 
brown  cools. 

B.  Average  of  10  analyses  from  the  report  of  the  fuel-testing  plant  of  the  United  States  Qeologloal 
Survey  already  cited. 

C.  Average  of  29  lignites  from  various  parts  of  the  world.  Analyses  by  C.  Tookey  and  W.  J.  Ward  In 
Percy's  laboratory.    Percy's  Metallurgy,  vol.  1,  pp.  312-321. 


A 

B 

C 

c : 

69.82 
4.72 

1  26.46 

74.86 
5.32 

18.51 
1.31 

74.17 

H 

5.67 

o 

}    20.16 

N 

• 

100.00 

100.00 

100.00 

Data  of  this  kind  might  be  almost  indefinitely  multiplied.^ 
The  rcsinoids  and  fossil  hydrocarbons  are  especially  abundant  in 
brown  coals,  both  as  visible  masses  and  in  a  disseminated  condition. 
Organic  solvents,  such  as  benzene,  will  extract  matter  of  this  kind 
from  lignite,  but  the  substances  thus  obtained  are  not  of  definite  com- 
position. In  some  cases  oily  fluids  exude  from  brown  coal,'  although 
instances  of  this  kind  are  probably  rare.  Solid  bodies  are  the  rule. 
An  extreme  example  of  extractive  matter  in  coal  is  that  reported  by 
Watson  Smith,*  who,  in  a  Japanese  lignite,  found  9.5  per  cent  of  sub- 
stance soluble  in  benzene. 

In  their  behavior  toward  reagents  the  lignites  are  more  akin  to 
peat  than  to  the  Carboniferous  coals.  Like  peat,  they  contain  humic 
compounds  which  are  soluble  in  solutions  of  caustic  alkalies.  Accord- 
ing to  E.  Fremy,*  peat  yields  abundant  ''ulmic  acid"  to  alkaline 
solvents,  xyloid  lignite  yields  less,  and  compact  lignite  little  or  none 
at  all.  The  bituminous  coals  and  anthracite  are  insoluble  in  alkaline 
solutions.  Occasionally  these  hiunic  bodies  are  found  in  remarkable 
concentrations.  The  ''paper  coals"  of  Russia,  for  example,  con- 
tain layers  of  humic  matter,  which  is  soluble  in  ammonia.*  In  the 
brown  coal  of  Falkenau,  Bohemia,  C.  von  John  •  found  a  native 
humus,  soluble  in  ammonia  or  sodium  carbonate  solution,  which 
had  approximately  the  composition  04^114^026.  Von  John  cites 
other   examples   reported   by   other   observers.     Furthermore,    the 

>  See  the  great  monograph  by  C.  Zinoken,  Die  Physiographie  der  Braunkohle,  Hannover,  1867;  and  its 
ErgiLnziing,  published  at  Hallein  1871.  In  Oroveand  Thorpe's  Chemical  technology,  vol.  1,  many  analyses 
are  given;  and  others  are  cited  in  F.  Fischer's  Chemische  Technologie  der  Brennstofle,  Braonaohweig, 
1897,  vol.  1.  £.  F.  Burchard,  in  Proc.  SiotUE  City  (Iowa)  Acad.,  vol.  1, 1904,  p.  174,  has  reported  data  for 
some  Nebraska  lignites. 

*  See  A.  A.  Hall,  Joar.  Soc.  Chem.  Ind.,  vol.  26, 1907,  p.  1223;  J.  B.  Cohen  and  C.  P.  Finn,  idem,  vol.  31. 
1915,  p.  12;  P.  P.  Bedson,  idem,  vol.  26, 1907,  p.  1224.  White  and  Thiessen  (The  origin  of  coal,  p.  374) 
regard  the  oils  in  coal  as  derived  from  spore  exines  and  pollen  grains. 

*  Jour.  Soc.  Chem.  Ind.,  vol.  10,  p.  975, 1891. 

*  Compt.  Rend.,  vol.  52, 1861,  p.  114. 

*  Been.  Zeiller,  Bull.  Soc.  g^l.  France,  3d  ser.,  vol.  12,  1884,  p.  68a 
'Verliaiidi.  X.-k.  geol.  Reichaanstalt,  p.  «4,  \»d\. 


ooAL.  757 

pigment  known  as  Cassel  brown  is  a  fossil  hiunus  from  the  Tertiary 
near  Cassel,  Germany.* 

Fremy  found  that  lignite  was  also  soluble  in  alkaline  hypochlorites, 
while  the  true  coals  were  not.  It  was  also  strongly  attacked  by  nitric 
acid,  with  conversion  into  a  yellow  resinous  body,  soluble  in  an 
excess  of  the  reagent  or  in  solutions  of  the  alkalies.  Bituminous  coal 
and  anthracite,  on  the  other  hand,  were  feebly  attacked,  anthracite 
in  particular  with  extreme  slowness.  These  coals,  however,  dis- 
solved in  mixtures  of  nitric  and  sulphuric  acids,  yielding  solutions 
from  which  water  precipitated  a  hiunus  compound.  Woody  tissue, 
heated  during  several  days  to  200*^,  became  comparable  with  lignite 
in  its  behavior  toward  reagents. 

Since  Fremy 's  time  the  action  of  nitric  acid  and  other  oxidizing 
agents  upon  coal  has  been  studied  by  various  investigators.  E.  Gui- 
gnet,*  for  example,  found  that  nitric  acid  acted  upon  coal  with  the 
formation  of  products  more  or  less  analogous  to  the  nitrocelluloses, 
and  similar  observations  were  recorded  by  R.  J.  Friswell.'  A  com- 
mittee of  the  British  Association  ^  also  conducted  some  experiments 
upon  the  proximate  constitution  of  coals.  They  not  only  studied  the 
action  of  solvents  to  some  extent,  but  also  examined  the  action  of 
hydrochloric  acid  and  potassiimi  chlorate  upon  coal.  That  powerful 
oxidizing  mixture  produced  compoimds  which  resembled  the  chlo- 
rinated derivatives  of  jute  fiber.  The  work  of  the  conmiittee  seems 
never  to  have  been  pushed  to  completion. 

The  researches  thus  briefly  sunmoiarized,  it  will  be  observed,  relate 
partly  to  lignite  and  partly  to  other  coals.  They  suggest  relations 
between  the  coals  and  vegetable  fiber,  but  for  several  reasons  they 
are  inconclusive.  The  records  are  often  inexplicit,  and  the  experi- 
ments are  not  all  strictly  comparable.  When  nitric  acid,  for  example, 
is  employed  as  a  test  reagent,  it  shoiild  be  imder  commensurable  con- 
ditions, such  as  imiform  fineness  of  subdivision  on  the  part  of  the 
coal  and  equality  of  concentration  on  the  side  of  the  acid.  Time  and 
temperature  also  must  be  taken  into  account.  A  hot,  strong  acid, 
applied  to  a  finely  powdered  coal,  would  act  diflPerently  from  a  cold, 
weak  acid  on  coarser  material.  To  neglect  of  details  like  these  some 
of  the  discordances  in  the  records  are  probably  due. 

In  recent  years  E.  Donath  and  his  associates  *  have  studied  one 
phase  of  the  nitric  acid  reaction  with  much  care.     Dilute  nitric  acid, 

1  See  a  recent  description  by  P.  lialkomesiiis  and  R.  Albert,  Jour,  prakt.  Chemie,  2d  ser.,  vol.  70, 1904, 
p.  509. 

3  Compt.  Rend.,  vol.  88, 1879,  p.  590. 

»  Proc.  Chem.  8oc.,  vol.  8,  1892,  p.  9.  W.  C.  Anderson  and  J.  Roberts  (Jour.  Soc.  Chem.  Ini.,  vol.  17, 
189$,  p.  1013)  have  also  studied  the  action  of  nitric  acid  on  coal  and  made  several  analyses  of  the  "coal 
adds"  so  obtained. 

« Ann.  Rept.  Brit.  Assoc.,  1894,  p.  246;  idem,  189G,  p.  340. 

•  Donath,  Chem.  Zeitung,  1905,  p.  1027,  and  Zdtschr.  anorg.  Chemie,  1906,  p.  657.  Donath  and  H.  Dits, 
Oesterr.  Zdtschr.  Berg-  a.  Hflttenw.,  vol.  51, 1903,  p.  310.  Donath  and  F.  Brftunlich,  Chem.  Zdtung,  1904, 
pp.  180, 953. 
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one  part  to  nine  of  water,  at  a  temperature  of  70^,  will  attack  lignite 
vigorousl}',  but  is  without  action  upon  bituminous  coal.  Even  a 
brown-coal  ''anthracite/'  a  product  of  contact  metamorphism  by  an 
intrusion  of  phonolite,  behaved  like  ordinary  lignite  toward  nitric 
acid.  From  evidence  of  this  kind  Donath  concludes  that  lignite  and 
true  coal  are  chemically  unlike  and  of  dissimilar  origin.  They 
behave  differently  toward  reagents,  and  yield  different  products  upon 
destructive  distillation.  Neither  by  time,  according  to  Donath,  nor 
by  heat,  can  lignite  be  transformed  into  coal.  Lignite,  he  thinks,  is 
derived  from  materials  rich  in  lignocellulose,  as  shown  by  the  pres- 
ence of  humic  compounds  in  it.  The  true  coals,  on  the  other  hand, 
were  formed  from  substances  which  were  either  free  from  woody 
fiber,  or  nearly  so.  In  the  formation  of  bituminous  coal,  which  is  often 
rich  in  nitrogen,  the  proteids  of  animal  matter  probably  took  part. 

It  would  be  premature,  I  think,  to  accept  Donath's  conclusions 
throughout,  but  his  evidence,  taken  together  with  that  of  earlier 
investigators,  shows  distinct  chemical  differences  between  the  lignites 
and  the  coals.  In  lignites  the  humic  compounds  are  readily  detected, 
but  in  coal  they  are  less  apparent.  Nitric  acid  acts  easily  on  lignite, 
but  with  much  less  vigor  upon  bituminous  coal  or  anthracite.  How 
far  the  latter  su1)stances  are  derivable  from  the  former,  however,  is  a 

separate  question. 

BITUMINOUS    COAL. 

In  c-oni])osition,  at  least  empirically,  the  bituminous  coals  lie 
between  the  lignites  and  anthracite.  To  sonie  extent  they  overlap 
the  lignites,  so  that  it  is  not  always  easy  to  say  where  one  group 
ends  and  the  other  begins.  The  following  analyses  of  bitiuninous 
coals,  all  of  Carboniferous  age,  are  taken  from  the  reports  of  the  fuel- 
testing  plant  of  the  United  States  Geological  Survey.  They  are 
selected  in  order  to  show  something  of  the  recognized  variations.* 

First,  there  are  the  conventional  proximate  analyses* 

Proximate  analyses  of  bituminous  coals. 


A.  Khrenfeld,  rennsylvania.    Bull.  No.  290,  p.  179. 
D.  Bruce,  PonnsylTania.    Idem,  p.  IM. 
C.  Vigo  County,  Indiana.    Idem,  p.  109. 


D.  Altoona,  Iowa.    Prof.  Taper  No.  48,  p.  223. 
F.  Shawnee,  Ohio.    Bull.  No.  290,  p.  115. 
V.  Staunton,  Illinois.    Idem,  p.  G3. 


Moisture 

Volatile  matter 
Fixed  carbon . . 
Ash 

Sulphur 


A 

B 

C 

D 

E 

3.51 
10.82 
73.04 

6.63 

2.61 
34.92 
56.30 

6.17 

9.55 
36.19 
43.65 
10.  61 

4.52 
40.96 
38.99 

15.53 

9.90 
33.66 
44.86 
11.58 

100.00 
.94 

100.00 
1.26 

100.00 
3.72 

100.00 
6.83 

100.00 
1.81 

13.72 
36.24 
39.72 
10.32 


100.00 
3.96 


*  The  high  moisture  of  these  coals  is  due  to  the  fiact  that  the  samples  were  sealed  up  immediately  after 
collection  in  the  mines  and  were  not  dried.  Many  analyses  of  American  coals  are  given  in  Dull.  U.  S.  Dur. 
Mines,  No.  22, 1913,  by  N.  W .  I/Or;\.    800  also  Bull.  85, 191 1.  for  many  other  analyse*;. 
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With  one  exception  the  volatiiizable  part  of  these  coals  is  less  in 
amount  than  the  fixed  carbon.  With  the  lignites  the  reverse  state- 
ment is  generally  true.  The  ultimate  analyses  of  the  same  coals, 
recalculated  to  a  water,  ash,  and  sulphur  free  basis,  are  as  follows: 

Ultimate  analyses  of  biluminous  coals. 


A 

B 

C 

D 

E 

s     F 

c 

90.78 
4.69 
1.40 
3.13 

85.73 
5.49 
1.75 
7.03 

84.19 
5.82 
L42 
8.57 

82.92 
6.06 
1.27 
9.75 

82.20 
5.45 
L60 

10.75 

81.87 

II 

5.85 

N 

1.36 

0 

10.92 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

The  reciprocal  variation  of  carbon  and  oxygen,  the  latter  rising  as 
the  former  falls,  is  here  very  well  shown. 

Even  in  a  single  mine  the  composition  of  the  coal  may  vary  within 
fairly  wide  limits.  For  example,  F.  Fischer  *  gives  24  comparable 
analyses  of  coal  from  the  Unser  Fritz  mine,  district  of  Arnsberg, 
Westphalia.  fVom  the  table,  in  which  the  analyses  are  reduced  to 
an  ash  and  sulphur  free  standard,  I  select  the  following  examples, 
which  show  the  maximum  and  minimum  proportion  of  each  con- 
stituent.    In  the  last  column  I  give  the  average  of  the  entire  series: 

Analyses  of  coal  from  Unscr  FriU  mine. 


A 

B 

C 

D 

£ 

F 

c 

85.33 
5.20 
1.49 
7.98 

85.06 
4.66 
1.35 
8.93 

84.28 
4.85 
1.87 
9.00 

82..^ 
4.94 
1.18 

11.54 

80.69 
4.94 
1.29 

13.08 

83.81 

H 

4.98 

N 

1.47 

O 

9.74 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Other  variations,  due  to  the  peculiar  character  of  certain  coaly 
material,  arc  illustrated  by  the  following  analyses: 

Analyses  of  fossil  plants  and  cannel  coal. 

A.  Average  of  six  analyses  of  fossil  ])lants,  from  the  coal  beds  of  Comentry,  France,  by  S.  Meunier,  in 
Fremy's  EncyclopMie  chimique,  vol.  2  (Complement,  pt.  1),  p.  152.  The  plants  were  p<aioctly  preserved 
as  to  structure,  but  entirely  transformed  into  coal.  The  genera  Onlamodettiroin,  Cord»iUt,  Lepidodeniron, 
Psaronius,  Pt^ehopterh,  and  JlegapkftoH  are  represented  in  this  average.  The  variations  between  them 
arc  small. 

U.  Analysis  of  Wigan  cannel,  by  F.  Vaax,  Jour.  Chem.  Soc.,  vol.  1. 1840,  p.  320. 

C.  Analysis  of  Tyneside  cannel,  by  H.  Taylor,  Edinburgh  New  Philos.  Jour.,  vol.  50, 1851,  p.  H5.  All 
three  analyses  are  here  recalculated  to  the  ash-free  ba-sis. 


A 

D 

C 

c 

82.45 

4.75 

.43 

12.37 

100.00 

83.58 
5.77 
2.21 

8.44 

87.89 

H 

6.53 

X  

2.08 

0      

3.50 

100.00 

100.00 

>  Zeitschr.  angew.  Cbemie,  18^,  p.  G05.    See  also  his  Chemische  TeebnnlMte  dar  Brcnnstollc,  vol.  1 ,  pp. 
518-520. 
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The  suggestive  featuBo  of  the  foregoing  trio  is  in  the  proportion  of 
nitrogen.  The  fossil  plants  contain  very  little  nitrogen;  the  cannels 
are  abnormally  high.  The  inference  is  that  plant  remains  have  con- 
tributed but  a  small  part  of  the  nitrogen  contained  in  coal,  and  that 
the  main  supply  has  come  from  other  sources.  The  most  obvious 
source  is  animal  matter,  and  this  was  probably  the  source  of  the  nitro- 
gen in  cannel.  Newberry  ^  long  ago  pointed  out  that  fish  remains 
are  abxmdant  in  cannel  coal,  and  he  argues  that  the  beds  were  laid 
down  under  water.  Vegetable  matter  formed  a  carbonaceous  paste, 
in  which  the  fish  remains  became  embedded  and  which  consolidated 
to  produce  cannel  coal. 

For  comparison  with  other  varieties  of  coal,  the  subjoined  averages 
will  be  useful.  Moisture,  sulphur,  and  ash  are  excluded  from  the 
table,  except  when  otherwise  specified. 

Average  analyses  of  hitumin(nu  coal, 

A.  Averaf^  of  20  analyses  of  bituminous  coals  from  Pennsylvania,  Maryland,  Virginia,  and  West  Vir- 
ginia. Combined  from  data  given  in  the  reports  of  the  fuel-testing  plant  of  the  United  States  Qeological 
Survey. 

B.  Average  of  40  analyses  of  bituminous  coals  from  Ohio,  Indiana,  nUnois,  Iowa,  and  ICissoiiri.  Also 
from  the  above-named  reports. 

C.  Average  of  15  analyses  of  Scotch  coals,  by  W.  D.  Anderson  and  J.  Roberts,  Jour.  Soc.  ChenL  Ind., 
vol.  17, 1H98,  p.  1013.    Sulphur  is  included  in  the  figure  for  oxygen. 

D.  Average  of  18  coals  from  Newcastle,  28  from  Lancashire,  and  7  from  Derbyshire,  England.  Kecalco- 
lated  from  averages  cited  by  Fischw,  in  Chemische  Technologie  der  Brennstoffe,  vol.  1,  p.  512. 


A 

B 

C 

D 

0 

87.52 
5.20 
1.61 
5.67 

82.91 
6.70 
1.49 
9.90 

83.65 
5.48 
1.86 
9.01 

84.19 

H 

5.58 

N 

1.41 

0 

8.82 

100.00 

100.00 

100.00 

100.00 

The  peculiar  chemical  differences  between  the  bituminous  coals 
and  lignite  were  described  in  the  preceding  section  of  this  chapter. 
Many  coals,  which  are  apparently  bituminous,  and  in  fact  are  bitu- 
minous so  far  as  technical  uses  are  concerned,  are  really  lignitic;  at 
least  so  far  as  can  be  judged  from  their  origin.  Their  true  character 
must  be  determined  by  researches  like  those  of  Fremy  and  Donath, 
but  refined  methods  of  investigation  are  yet  to  be  devised. 

1  Am.  Jour.  Bci.,  2d  ser.,  vol.  23, 1854,  p.  212.  J.  Rofe  (Oool.  liag.,  1866,  p.  208)  has  also  caUed  attention 
to  the  fish  remains  iu  T/ancoshire  cannel.  B.  Renault  (Bull.  Soc.  ind.  min.,  3d  ser.,  vol.  14,  p.  138)  regards 
cannel  as  formed  from  the  spores  of  cryptogams.  No  algae  are  found  in  it,  or  very  few.  Sea  also  £.  C. 
Jeffrey,  Proc.  Am.  Acad.  Arts  and  Sci.,  vol.  46, 1910,  p.  273. 
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ANTHRACITE. 

In  anthracite  the  transformation  of  vegetable  matter  into  carbon 
approaches  its  limit.  On  one  side  of  this  class  of  coals  we  find  the 
variety  known  as  semianthracite;  on  the  other  they  approximate  to 
graphite.  The  technical  analyses  of  anthracite  show  a  large  pro- 
portion of  fixed  carbon,  with  relatively  little  volatizable  matter — a 
relation  which  appears  in  the  following  table : 

ProximaU  onalyus  of  antiiraeite. 

A.  SemiaatlinctU,  Coal  Hill,  Arkuma.  From  report  of  the  coel-testiDS  ptast,  Prof.  Vmptr  U.  8.  GeoL 
Survey  No.  48, 1906,  p.  aOt. 

B.  Anthradtocalm,  Seranton,  PeniisylveiiiB.    Idem,  p.  245. 

C.  Lykeos  Valley,  Pennsylvania. 

D.  Schuylkill  coal,  Pennsylvania. 

E.  Cameron  coal,  Pennsylvania.  Analyses  C,  D,  and  E,  by  A.  S.  HcCreath,  Kept.  Second  Oeol.  Survey, 
Pennsylvania,  vol.  KM.  Thb  volume  contains  many  other  proximate  anals^aes  of  coals.  See  also  C.  A. 
Ashhumer,  Trans.  Aql  Inst.  Min.  Eng.,  vol.  14, 1875-76,  p.  706,  for  a  tabulated  classification  of  Pennsyl- 
vania anthracites.  A  large  number  of  proximate  analyses  are  there  dted.  For  analyses  of  Colorado 
anthracites,  see  W.  P.  Headden,  Proc.  Colorado  Sci.  Soc.,  vol.  8, 1907,  p.  257. 


A 

B 

C 

D 

E 

Moisture 

1.28 
12.82 
73.69 

2.08 

7.27 

74.32 

2.27 

8.83 

78.83 

.68 

9.39 

2.98 

3.38 

•  87. 13 

.66 

6.85 

1.82 

Volatile 

6.18 

Fixed  carbon 

86.75 

SulDhur 

.75 

Ash 

12.21 

16.33 

4.50 

100.00 

100.00 

100.00 

100.00 

100.00 

Ultimate  analyses  of  anthracites  are  much  less  numerous  than  for 
the  other  varieties  of  coal.  The  subjoined  table,  however,  is  enough 
for  present  purposes.    Ash,  sulphur,  and  moisture  are  excluded. 

< 

Ultimate  analyses  of  anthracite. 

A.  Semianthracite.  Arkansas;  the  same  as  A  in  the  preceding  table. 

B.  Welsh  anthracite,  analysis  by  F.  Vaui.  Jour.  Chem.  3oc..  vol.  1, 1848,  p.  324. 

C.  From  Scranton,  Pennsylvania.    Coal  B  of  the  preceding  table. 

D.  From  Mauch  Chunk,  Pennsylvania.  Analysis  by  J.  Percy,  Quart.  Jour.  Oeol.  Soc.,  vol.  1,  1845, 
p.  204. 

E.  From  Province  of  Hunan,  China.  Analysis  by  F.  Haeussermann  and  W.  Naschold,  Zeitschr.  angew. 
Chemie.  1894,  p.  263.    This  paper  contains  twenty-eight  analyses  of  Chinese  coals,  most  of  them  anthradttc 

F.  From  the  Bajewka,  Ural.  Analysis  by  AlexejelT,  cited  by  Bertelsmann  in  an  Important  memoir 
apon  the  nitrogen  of  coal,  in  Ahren's  Sanunlung  chemlscher  und  chemlsch-technischer  Vortrfige,  vol.  9, 
p.  339.    A  valuable  table  of  coal  analyses  Is  there  given. 

0.  Average  of  sixteen  analyses  of  anthracite,  compiled  from  various  sources. 


A 

B 

c 

^ 

E 

F 

Q 

c 

91.47 
4.25 
1.64 
2.64 

92.73 

3.37 

.85 

3.05 

93.90 
3.22 
1.00 
1.88 

94.63 
2.73 
1.36 
1.28 

94.68 

2.29 

.76 

2.27 

97.46 

.61 

.35 

1.58 

93.50 

H 

2.81 

N 

.97 

0 

2.72 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 
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Anthracite,  however,  is  not  the  extreme  end  of  the  coal  series. 
There  are  pre-Carboniferous  coals,  which  are  found  only  in  small 
quantities,  and  which  approach  still  more  closely  to  pure  carbon. 
The  following  substances  belong  in  this  class,  with  the  possible  excep- 
tion of  the  first  example.    The  crude  analyses  are  given  first. 

Anahfscs  o/anthraxoUtc,  schttngitCf  and  graphitoid. 

\,  Anthraxolite.  near  Kingston.  Ctnada.  Analysis  hj  W.  H.  Ellis,  Chem.  News,  vol.  78, 1807,  p.  186. 
Found  in  Lower  Silurian  Umestpne. 

D.  Anthraxollte,  near  Sudbury,  Canada.  Analysis  by  Ellis,  loc.  cit.  Found  In  th«  Cambrian.  Ellis 
givos  partial  analyses  of  anthraxolltes  from  three  other  localities.  See  also  A.  P.  Coleman,  Sixth  Ann. 
Rept.  Ontario  Bur.  Mines,  1897.  • 

C.  Schungite,  from  Schunga.  near  Lake  Onega,  Russia.  Mean  of  six  anal.vses.  reduced  to  anhydrous 
form,  by  A.  InostranzefT,  Neues  Jahrb.,  1880,  Band  1,  p.  97;  see  also  the  same  journal  for  1886,  Band  1,  p.  02. 
Found  in  the  Iluronlan. 

D.  Graphitoid,  from  the  mica  schist  and  phyllltr  of  the  Krzgpl>ir(.-o.  Analysis  by  A.  Saaer,  Zeitsdur. 
Deutsch.  geol.  Gesell.,  vol.  37, 1885,  p.  441. 


A 

D 

c 

D 

c 

90.25 

4.16 

.52 

.66 

3.69 

94.92 
.52 

1.04 
.31 

1.69 

98w.ll 
.43 
.43 

24.S55 

H 

.06 

N 

S X 

o 

H.O 

1  01 

Aeh • 

.72 

1.52 

1.09 

73.  854 

100.00 

100.00 

100.06 

99.779 

Rejecting  ash,  water,  and  sulphur,  these  analyses  assume  the  fol- 
lowing form,  comparable  w4th  the  analyses  of  other  coaly  substances 

Recalculated  arudyses  of  anthraxoUtc,  schungite,  and  graphitoid. 


• 

A 

B 

c 

D 

0 

91.53 

4.22 

.53 

3.72 

96.69 

.53 

1.05 

1.73 

99.12 
.44 
.44 

99  76 

n 

.24 

N 

0 * 

100.00 

100.00 

100.00 

100.00 

These  minerals,  and  many  anthracites  also,  might  be  properly 
described  as  metamorphic  coals.  They  can  not,  however,  even  in  the 
extreme  cases,  be  termed  graphitic,  for  they  consist  mainly  of  amor- 
phous carbon.  Graphite  is  a  crystalline  mineral,  and  upon  treat- 
ment with  powerful  oxidizing  agents  it  can  be  transformed  into  a 
substance  known  as  graphitic  acid,*  CnH^Og.  The  amorphous  car- 
bons do  not  yield  this  derivative,  and  InostranzeflF  failed  to  obtain  it 
from  schungite.    The  approach  to  graphite,  therefore,  is  empirical 

»  See  B.  C.  Brodie,  LIcbig's  Annalcn,  vol.  114, 1860,  p.  G. 
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only,  and  not  constitutional — a  conclusion  which  needs  to  be  checked 
by  a  study  of  many  other  so-called  **  graphitic  coals."  That  term 
may  be  applicable  in  some  cases,  but  they  are  yet  to  be  established. 


THE    VARIATIONS    OF    COAL. 

For  comparison  of  all  the  fuels,  starting  with  wood  and  ending 
with  anthracite,  the  subjoined  table  has  been  compiled  from  the 
data  given  in  the  preceding  pages.  In  the  case  of  wood  the  figure 
for  nitrogen  is  the  mean  of  the  determinations  by  Chevandier,  Grott- 
heb,  and  Hawes. 

Average  composition  of  fuels. 


Wood 

Peat 

Lignite 

Bituminous  coal 
Anthracite 


49.65 

11 

X 

0.92 

6.23 

55.44 

6.28 

1.72 

72.95 

5.24 

1.31 

84.24 

5.55 

1.52 

93.50 

2.81 

.97 

o 


43.20 

35.56 

20.50 

8.69 

2.72 


This  table  may  be  restated  m  a  different  form,  so  as  to  show  the 
proportion  of  the  other  elements  to  100  parts  of  carbon.  It  then 
appears  as  follows : 

Comparative  proportioTis  of  constituents  of  fuels. 


Wood.. 

Peat 

Lignite 

Bituminous  coal 
Anthracite 


i 
(' 

II 

•N 

100 

12.5 

L8 

100 

11.3 

3.1 

100 

7.2 

L8 

100 

6.6 

L8 

100 

3.0 

1.3 

o 


87.0 
64.1 
28.1 
L0.3 
2.9 


A  steady  decrease  in  hydrogen  and  oxygen  thus  becomes  apparent. 
The  data  for  nitrogen,  however,  are  less  conclusive,  because  of  the 
uncertainty  in  the  analyses  of  wood.  If  Hawes's  average  for  the 
acrogen  plants,  1.59  per  cent  of  nitrogen,  be  taken,  then  its  ratio 
becomes  3.1,  identical  with  the  figure  for  peat,  and  a  definite  decrease 
follows.  New  analyses  of  wood,  with  references  especially  to  its 
nitrogen  content,  are  much  to  be  desired. 

A  closer  scrutiny  of  the  foregoing  table  reveals  still  another  fact, 
namely,  that  the  proportional  decrease  in  oxygen  is  greater  than  in 
the  case  of  hydrogen.  In  cellulose,  CeH^oOg,  these  two  elements  exist 
in  exactly  the  proportions  required  to  form  water.  In  wood  the 
hydrogen  is  sUghtly  in  excess  of  that  ratio  (1:8),  and  the  excess 
steadily  increases  until  in  anthiacite  it  is  proportionally  very  large. 
In  wood  the  ratio  is  nearly  1 : 7 ;  in  anthracite,  roughly,  1:1. 


764  DATA  OF  GEOCHEMISTBT. 

This  progressive  variation  in  the  ultimate  composition  of  the 
coals  implies  a  corresponding  variation  in  their  proximate  character, 
a  class  of  changes  to  which  attention  has  already  been  called.  Even 
the  crudest  analyses  are  conclusive  in  regard  to  one  form  of  varia- 
tion. Peat;  ignited  in  a  covered  crucible,  yields  much  volatile  matter 
and  relatively  little  fixed  carbon.  In  lignite  the  fixed  carbon  is 
higher,  but  commonly  less  than  the  volatile  products.  Bituminous 
coal  is  progressively  richer  in  fixed  carbon,  while  in  anthracite  the 
volatile  portion  has  become  exceedingly  small.  This  particular 
variability  is  so  characteristic  that  the  ratio  between  fixed  carbon 
and  volatile  matter  has  been  adopted  by  some  authorities  as  a  basis 
for  the  classification  of  coals.^  Such  a  method  of  classification  has 
the  merit  of  convenience,  for  it  requires  only  proximate  analyses, 
which  are  numerous  and  easily  made,  although  it  must  be  admitted 
that  their  accuracy  is  often  questionable.  Moreover,  the  nature  of 
the  volatile  matter  varies  in  different  kinds  of  coal,  a  part  of  it  being 
combustible,  and  a  part  consisting  of  water  and  other  noncom- 
bustible  products  formed  during  the  process  of  burning.  In  fact, 
the  volatile  matter  ig  exceedingly  complex,  as  is  shown  by  a  study  of 
the  substances  formed  when  coal  is  distilled  for  the  production  of 
illuminating  gas.  The  gas  itself  may  contain  hydrocarbons,  free 
hydrogen,  both  oxides  of  carbon,  nitrogen,  and  compounds  of  sul- 
phur. Ammoniacal  water  solutions  are  also  produced,  together  with 
coal  tar;  and  in  the  latter  a  number  of  complex  hydrocarbons  are 
found,  and  also  oxidized  bodies  such  as  phenol.  In  20  analyses  of 
coal  gas,  P.  F.  Frankland '  found  the  following  range  of  variations 
in  the  percentages  of  the  principal  constituents : 

Variationa  in  composition  of  coal  gas. 

CO2 Oto   2.73 

O2 Oto   1.00 

Nj 2.07  to  10.84 

Hj 33.24  to  63.79 

CO 2.46  to    7.14 

CH4 36.55  to  42.93 

The  other  products  of  distillation,  obviously  must  have  been 
equally  variable.  The  destructive  distillation  of  wood  yields  sub- 
stances quite  unlike  those  derived  from  coal;  methyl  alcohol,  acetone, 
and  acetic  acid  being  conspicuous  among  them.* 

On  account  of  this  distinction  between  the  combustible  and  non- 
combustible  portions  of  the  distillates  from  coal,  S.  W.  Parr  *  has 
proposed  a  technical  classification  of  these  fuels  which  differs  essen- 

I  See,  for  e.Tample,  P.  Frazer,  Trans.  Am.  Inst.  Min.  Eng.,  rol.  6, 1877-78,  p.  430,  and  C.  A.  Ashbuner, 
dem,  vol.  14, 1885-86,  p.  706. 
*Jour.  8oc.  Chem.  Ind.,  vol.  3, 1884,  p.  273. 

'  A  good  article  on  the  dJstillatlQQ  of  yiwA  Vs  Vn  'Wa.Ua'al^Vcv.VQQUi  tA.«^v^«A.cSb«BiSstr7«ToI.3, 1888,  p. 
M)2e,    Tbe  su hject  can  not  be  discussed  at  lensVli  losra. 
*  Bull.  No.  3,  niJnois  Geol.  Survey, !«%.    AVao  3aai.  Km. Cb«m.  ^cjfc.,No\.^\^»,^A«R. 
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tially  from  the  syBtem  abovre  mentioned.  His  scheme  is  based  upon 
the  ratio  between  the  total  carbon  and  the  carbon  of  the  vrolatile 
matter,  which  latter  is  largely  but  not  wholly  combustible.  He  also 
takes  into  account  the  percentage  of  ''inert  volatile"  matter,  which 
seems  to  vary  in  a  manner  characteristic  of  the  different  groups  of 
coals.  M.  R.  CampbeU,^  on  the  other  hand,  has  argued  in  favor  of 
the  ratio  C:H,  with  which  he  has  classified  the  analyses  made  at  the 
fuel-testing  plant.  These  classifications  are  chiefly  of  technological 
significance,  and  their  discussion  falls  outside  the  range  of  this  work. 
The  most  important  variations  in  coal,  however,  are  those  which 
were  outlined  under  lignite.  Passing  from  peat  to  anthracite  there 
is  a  progressive  diminution  in  the  proportion  of  humus  substances 
and  also  in  the  solubility  of  the  coals  in  various  reagents.  The 
necessary  details  to  illustrate  these  variations  have  already  been 
given  and  need  no  further  repetition  here. 

THE    GASES    IN    COAL. 

Both  peat  and  coal,  the  latter  in  all  its  varieties,  contain  occluded 
or  inclosed  gases,  often  in  large  amount.  In  coal  mines  they  some- 
times escape  in  formidable  volume,  forming  the  so-called  choke  damp 
and  fire  damp  of  mining  parlance.  The  choke  damp  consists  of 
carbon  dioxide  or  nitrogen  or  both  together;  the  fire  damp  is  prin- 
cipally methane. 

The  development  of  these  gases  can  be  traced  back  to  the  earliest 
stages  of  coal  formation,  when  marsh  gas  was  produced,  along  with 
carbon  dioxide,  in  the  process  of  vegetable  decay.  The  evolution  of 
methane  from  swamps  was  mentioned  in  the  preceding  chapter,  with 
reference  to  its  existence  in  petroleum  and  as  natural  gas.  Its  ema- 
nation from  peat  is  another  example  of  the  same  phenomenon,  and 
is  mentioned  now  for  the  reason  that  it  was  quantitatively  studied 
by  Websky.'  In  a  single  analysis  of  gas  extracted  from  peat  he 
obtained  the  following  percentages: 

COa 2.97 

CH4 43.36 

Na 53.67 

100.00 

The  nitrogen  from  this  gas  is  presumably  a  residue  from  the  ground 
air,  the  oxygen  of  the  latter  having  been  consumed,  partly  to  form 
carbon  dioxide  and  partly  water. 

The  gases  occluded  by  lignite,  so  far  as  our  information  now  goes, 
are  of  quite  a  different  character.  As  analyzed  by  J.  W.  Thomas,' 
who  obtained  his  material  by  heating  lignite  in  vacuo  to  60®,  100®, 

>  Prof.  Paper  U.  8.  Qeol.  Survey  No.  48, 1906,  pp.  156-173.     See  also  P.  Fraser,  Bull.  Am.  Inst.  Min.  Eis^^.., 
March,  1906;  L.  P.  Breckenridge,  Bull.  U.  8.  Qeol.  Survey  No.2^,\Wl,^.^. 
*Jour.  prakt.  Cbemie,  vol.  92, 1864,  p.  76.  mbc^ 

9  Jour.  Chem.  8oc.,  vol.  32, 1877,  p.  146.    Soeateo  Zito>«i\aciki,  l«tt.  V»3iX..  Ctossia.. •!&>  ^»-*  ^'^^    ^ 
p,  79,  oagaseBtrom  Bobemiao  ligniUs. 
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nud  200^,  succesaiyely,  they  consist  priucipaUy  of  carbon  dioxide,  with 
subordinate  carbon  monoxide  and  nitrogen,  and  insignificant  propor- 
tions of  oxygen  and  hydrocarbons.  The  following  examples  are  suffi- 
cient to  show  the  general  nature  of  his  analyses. 

Analy9e8  of  fOMMfrom,  ligfMit. 

A.  Gas  from  Bohemian  Ugnlte,  extracted  at  UN)*. 

D.  Gas  from  Dovey  Heathfleld  Ugnite  at  50*;  100  grams  of  coal  gave  50.1  ciibio  ceotimeteis  of  gas. 

C.  Gas  from  the  same  coal  at  100*,  W.Ocubio  oentimeters. 

D .  Steam  cool.    147.4  cuhie  oeatimeters  gas. 

E.  Gas  evolved  from  sample  D  on  heating  to  200". 


CO, 96.41 

CO 1.20 

CH. ' 


n 


Oiennes !  Traces. 

CsHg 

O, 32 

N, 2.17 


87.25 
3.59 


.24 
8.92 


89.  S3 
5.11 


.33 
5.03 


96.65 
8.20 


.33 


.42 


«100. 10     100. 00 


86.30 

7.41 

3.34 

2.08 

.53 


.34 


100.00 


100.00 


100.00 


1  The  error  in  summation  is  probahly  due  to  an  unidentifiable  misprint  in  the  original. 

• 

Marsh  gas,  it  will  be  seen,  only  appears  in  the  product  of  heating 
lignite  to  200^  after  deoomposition  had  begun.  In  these  lignites,  at 
least,  marsh  gas  is  not  normally  occluded,  but  it  would  be  rash  to  say 
tiiat  all  other  lignites  follow  the  same  rule.  It  is  desirable  that  many 
more  lignites  should  be  examined  in  order  to  see  whether  or  not  they 
exhibit  the  same  peculiarity.  The  samples  studied  by  Thomas  may 
possibly  bo  exceptional. 

In  another  investigation  Thomas  *  examined  the  gases  extracted  in 

vacuo  at  100°  from  cannel  and  jet.     The  analyses  are  subjoined, 

with  a  statement  of  the  volume  of  gas  yielded  by  100  grams  of  each 

sample. 

Ayalyses  of  gases  from  cannel  coal  and  jet. 

A .  Wigan  cannel.  421.3  cubic  centimeters  gas. 
fi.  Wigan  cannel.  350.G  cubic  centimeters  gas. 
('.  Scotch  cannel,  Wilsonto^vn.    16.8  cubic  centimeters  gas. 

D.  Scotch  cannel,  Lesmahago.    55.7  cubic  centimeters  gas. 

E.  Cannel  shale,  Lasswade,  near  Edinburgh.    56.7  cubic  centimeters  gwt. 

F.  Wliitbyjet.    30.2  cubic  centimeters  gas. 


COo 

ctfl 

C,H, 


N. 


10- 


l\ 


(• 


0.44 
80.  69 

4.75 


8.12 


100.00 


9.05 

77.19 
7.80 


tK>.  94        o4.  Oo 


.91 


5.96 


100.00 


46.06  I    14.54 


100.00  !  100.  eo 


68.75 


2.67 


28.58 


160.08 


V 


10.93 


86.90 
2.17 


100.00 


1  Jour.  Chem.  8oc.,  vol.  30, 1S76,  p.  144. 
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The  variations  hero  are  most  remarkable.  Methane  predominates 
in  the  gases  from  two  cannels,  carbon  dioxide  and  nitrogen  in  the 
other  three.  In  jet  the  proportion  of  butane  is  extraordinary,  espe- 
cially for  the  reason  that  jet  is  essentially  a  fossil  wood,  or  in  other 
words,  a  lignite. 

The  gases  occluded  by  bituminous  coal  have  been  studied  by  several 
chemists.  E.  von  Meyer  ^  investigated  a  number  of  Crerman  coals, 
and  also  a  series  from  the  nortJi  of  England.  Several  coals  from  the 
Newcastle  region  were  studied  by  P.  P.  Bedson  ^  and  W.  McConnell.^ 
For  Welsh  coab  there  are  data  by  J.  W.  Thomas.^  In  Thomias's 
memoir  both  bituminous  coals  and  anthracite  are  included,  and  from 
it  I  select  the  following  analyses.  The  gases  were  extracted  at  100° 
in  vacuo,  and  in  volumes  which  are  referred  to  the  uniform  standard 
of  100  grams  of  coal. 

Analyset  o/gaus/rom  bitumirunu  and  anihraciU  coal. 


A.  Bituminous  coal.  55.9  cubic  centimeters  gas. 

B.  Bituminous  coal.   39.7  cubic  centimeters  gas. 

C.  Bituminous  coal.    55.1  cubic  centimeto^  gas. 

D.  Steam  coal.    147.4  cubic  centimeten  gas. 


£.  Steam  coal. 

F.  Anthracite. 

G.  Anthracite. 


194.S  cubic  centimeters  gas. 
€00.6  cubic  centimeters  gas. 
555.5  cubic  centimeters  gas. 


v.;  114. 

No.. 


36.42 


.80 
62.78 


100.00 


B 


9.43 
31.98 
2.25. 

56.34 


100.00 


5.44 
63.76 

1.05 
29.75 


100.00 


D 


18.90 

67.47 

1.02 

12.61 


100.00 


K 


5.04 

87.30 

.33 

7.33 


100.00 


F 


14.72 
84.18 


1.10 


100.00 


o 


2.62 
93.13 


4.25 


loaoo 


The  gases  obtained  by  Von  Meyer  from  Saxon  and  Westphalian 
coals  were  similarly  variable  in  composition.  In  some  of  them  ethane 
was  reported  up  to  23  per  cent;  and  abo  hydrocarbons,  in  small 
amount,  of  undetermined  character.  By  weight  the  gases  form  only 
a  fraction,  usually  a  small  fraction  of  1  per  cent  of  any  coal. 

The  variability  thus  shown  may  easily  be  misinterpreted.  The 
coals  emit  gases  even  in  the  mines,  and  the  laboratory  samples,  there- 
fore, do  not  represent  the  true  chai^acter  of  the  material  under  ground. 
Something  is  lost  in  transit  from  the  mine  to  the  laboratory,  and  its 
amount  is  conditional  upon  the  texture  of  the  coal.  A  hard,  compact 
anthracite  retains  much  of  its  gaseous  charge;  a  porous  coal,  on  the 
other  hand,  will  lose  much.  So  we  see  that  the  bituminous  coals  con- 
tain, as  a  rule,  less  gas  in  the  laboratory  than  the  anthracites,  although 
the  bituminous  mines  are  the  most  seriously  affected  by  fire  damp. 

'  Jour,  prakt.  Chemie,  2(i  ser .,  vol.  5, 1372,  pp.  144,  407:  vol.  G,  1873,  p.  389.    Data  reproduced  in  Petcy's 
Metallurgy,  vol.  1,  JS75,  p.  283. 

2  Trans.  North  of  England  Inst.  Min.  Mech.  Kng.,  vol.  37,  p.  24S. 

3  Jour.  Soc.  Chem.  Ind.,  vol.  13, 1804,  p.  25. 
<  Jour.  Chem.  Soc.,  vol.  %  1876,  p.  703. 
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In  the  coal  beds  themselves  the  bituminous  coals  are  richest  in 

gaseous  occlusions.    McConnell,  in  the  memoir  previously  cited, 

also  points  out  that  in  the  Newcastle  region  the  older  and  deeper  coals 

contain  the  most  methane,  while  in  the  younger  seams  carbon  dioxide 

may  predominate  even  to  the  exclusion  of  combustible  gases.    In  his 

investigation  of  the  Welsh  coals,  Thomas  analyzed  14  samples  of  gases 

emitted  from  crevices  or  ''blowers"  in  the  mines,  and  found  that  they 

contained  from  47.37  to  97.65  per  cent  of  methane,  with  over  94 

per  cent  in  all  but  two  of  them.    Other  eariier  analyses  of  colliery 

gases  have  told  essentially  the  same  story .^    Methane  'm  the  principal 

gas  of  coal  beds. 

ARTIFICIAIi   COAIiS. 

Various  attempts  have  been  made  to  prepare  artificial  coals  in  the 
hope  of  gaining  some  information  upon  the  genesis  of  the  natural 
products.  Two  lines  of  research  are  represented  in  these  efforts,  but 
neither  has  yet  led  to  any  final  conclusions. 

In  the  first  class  of  experiments  it  was  sought  to  produce  coals  by 
pressure.  W.  Spring  ^  subjected  peat  to  a-pressure  of  6,000  atmos- 
pheres, and  transformed  it  into  a  hard,  black,  brilliant  solid  which 
was  outwardly  undistinguishable  from  coal.  On  iiie  other  hand,  R. 
Zeiller,'  working  vdth  pressures  of  2,000  to  6,000  kilograms  to  the 
square  centimeter,  found  that  peat  and  also  the  ''ulmic  acid"  from 
the  paper  coals  of  Russia  were  merely  compacted  without  change 
of  chemical  character.  They  retained  their  solubility  in  ammonia 
and  showed  no  evidence  of  a  true  transformation  intx>  coal.  Some 
experiments  by  Giimbel,^  who  subjected  lignite  to  pressure  as  high 
as  20,000  atmospheres,  showed  that  even  under  such  conditions  no 
serious  changes  were  produced  and  that  the  vegetable  structure  waa 
in  great  measure  preserved. 

In  the  second  class  of  experiments  heat  is  used  as  the  transforming 
agent.  In  the- ordinary  process  of  charcoal  burning  wood  is  heated 
out  of  free  access  of  air,  decomposition  ensues,  volatile  matter  is 
expelled,  and  a  form  of  amorphous  carbon  finally  remains  in  the 
kiln.  Violette,^  who  has  studied  this  process  with  great  care,  found 
that  when  wood  was  heated  nearly  to  400°  in  a  sealed  tube,  78.5  per 
cent  of  it  remained  as  a  solid  residue  which  had  all  the  appearance 

1  Soc  G .  Rischof,  Edinburgh  New  Philos.  Jour.,  vol.  29, 1840,  p.  309;  vol.  30, 1840,  p.  127;  T.  GnOum,  Mem. 
Chom.  See.,  vol.  3,  1815,  p.  7;  Lyon  PlayMr,  Mem.  Geol.  Survey  Great  Britain,  vol.  1, 1840^  p,  400.  A 
recent  paper  on  the  gases  in  coal  is  by  F.  G.  Trobridge,  Jour.  Soc.  Ctaem.  Ind.,  voL  25, 1906,  p.  1129.  See 
also  tbe  analyses  of  explosive  gases  from  American  coals  by  R.  T.  Chamberiin,  In  Bull.  U.  S.  OeoL 
Survey  No.  383,  1909.  In  them  methane  is  the  important  constituent.  On  the  other  hand,  pam  f^om 
Silosian  coal  analysed  by  J.  Meyer  (Jour,  prakt.  Chem.,  2d  ser.,  vol.  90, 1914,  p.  141)  contained  prindpaUy 
carbon  dioxide  (choke  damp),  with  some  oxygen  and  nitrogen,  and  methane  oocarionaUy.  Recent  wak 
on  gases  in  coal  by  C.  II.  Porter  and  F.  K.  OviU  is  published  in  Tech.  l^per  U.  S.  Bur.  MIimb  Na  2^  1911. 

'  Bui).  Acad.  roy.  sci.  Delgique,  vol.  49, 1880,  p.  367. 

'  Bull.  Soc.  g6ol  France,  3d  aer.,  vol.  12, 1884,  p. «». 

'SiUungsb.  Math.-phys.  Classe,  K.  bayer.  XkaA.  WVaa.  U^toR\iWi,^^.\^^\«S^,'^.vaL. 
«  AtmalCB  chim.  phys.,  3d  aer.,  vol.  32, 185\,  p.  ^0\. 
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of  a  fatty  coal.  In  this  case  the  volatile  substances  exerted  a  great 
pressure  upon  the  contents  of  the  tube,  and  a  product  ^ery  different 
from  ordinary  charcoal  was  formed.  By  heating  wood  under  con- 
ditions which  permitted  the  volatile  matter  to  escape,  he  obtained 
a  series  of  charcoals  which  varied  in  composition  according  to  the 
temperature  at  which  they  were  prepared.  The  experiments  were 
conducted  at  temperatures  ranging  from  150°  to  the  melting  point 
of  platinimi;  and  his  analyses  of  the  products  thus  formed,  28  in 
all,  show  progressive  changes,  analogous  to  the  changes  observed  in 
the  passage  from  wood  to  anthracite.  The  charcoals,  however,  are 
not  identical  with  coal,  but  differ  from  it  both  texturally  and 
chemically.  A  finished  charcoal  is  really  the  analogue  of  coke,  being 
in  fact  the  coke  of  wood;  but  in  its  preparation  it  is  possible  to  trace, 
step  by  step,  the  breaking  down  of  the  original  ligneous  fiber.  For 
that  reason  it  is  most  desirable  that  the  chemistry  of  charcoal  burning 
should  be  studied  much  more  in  detail  than  it  has  been  hitherto. 

Violette's  experiments  with  wood  in  sealed  tubes  were  not  the  first 
of  their  kind.  Early  in  the  nineteenth  century  Sir  James  Hall 
obtained  an  artificial  coal  by  heating  wood  in  a  closed  cyUnder  of 
iron,  and  in  1850  or  1851  C.  Cagniard-Latour  *  performed  essentially 
the  same  experiment  in  tubes  of  glass.  These  earlier  experiments, 
however,  were  merely  qualitative,  for  the  products  obtained  were  not 
analyzed. 

In  1879  Fremy2  published  an  interesting  series  of  observations, 
based  upon  experiments  with  carbohydrates  other  than  cellulose,  and 
upon  the  so-called  ''ulmic  acid''  from  two  sources.  One  example  of 
ulmic  acid  was  extracted  from  peat;  the  other  was  prepared  from  a 
constituent  of  woody  tissue  to  which  Fremy  gave  the  name  vasculose. 
The  substances  were  all  heated  in  sealed  glass  tubes  to  temperatures 
which  seem  to  have  been  near  300°  and  yielded  residues  which 
behaved  in  all  respects  like  coal.  When  heated  to  redness,  they 
gave  off  water,  gas,  and  tar  and  left  behind  a  remainder  of  coke. 
These  artificial  coals  had  the  following  composition: 

Composition  ofartijicial  coah. 


Toal  from  sugar 

< \»al  from  starch 

( 'oal  from  gum  arable 

( 'oal  from  ulmic  acid,  peat 

r'oal  from  ulmic  acid,  vasculose 


1 
c 

II 

66.84 

4.78 

68.48 

4.68 

78.78 

5.00 

76.06 

4.99 

78.78 

5.31 

o 


28.43 
26.84 
16.22 
18.95 
18.26 


The  similarity  of  these  products  to  natural  coals,  especially  in  the 
last  three  examples,  is  evident. 


»  Compt.  Rend.,  vol.  32, 1851,  p.  2S5. 
1137rAr—19—BuU.  C95 49 


*  \^«m,x^V^  A'S"'^^^'^^^' 
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Still  more  recent  experiments  of  this  order  are  those  of  S.  Stein.^ 
He  heated  wood  with  water  in  sealed  tubes,  but  at  different  tempera- 
tures, and  partially  analyzed  the  coaly  substances  thus  obtained. 
His  results  are  briefly  as  follows: 

Experiments  to  obtain  coaly  products  from  wood. 


Tempera!  i:ie. 

Time  of 
heating. 

C 

li 

Hours. 

Per  cent. 

Per  etnt. 

245 

9 

64.3 

5.4 

250 

6 

69.2 

5.1 

255 

6 

70.3 

5.2 

265 

5 

72.8 

4.7 

275 

6 

74.0 

4.5 

280 

5 

77.6 

4.1 

290 

5 

81.3 

3.8 

Here  we  have  a  series  of  products  ranging  in  composition  from  a 
substance  near  peat  to  one  more  closely  resembling  coal.  Only,  it 
must  be  observed,  the  hydrogen  toward  the  end  of  the  series  is  lower 
than  in  coals  showing  the  same  percentage  of  carbon.  The  parallel- 
ism between  the  artificial  and  the  natural  substances  is  therefore  not 
quite  complete.  The  natural  inference  from  this  conclusion  is  that 
agencies  other  than  heat  and  pressure  have  taken  part  in  the  car- 
bonization of  vegetable  matter,  and  these  may  have  been  microbian 
in  character.  The  function  of  heat  is  to  decompose  the  organic  com- 
plexes; that  of  pressure  is  to  retard  the  change  and  to  prevent  the 
escape  of  the  volatile  products;  the  combined  effect  must  vary  with 
variations  in  the  intensity  of  the  two  agencies.  If  an  exact  adjust- 
ment of  heat  and  pressure  could  be  arranged,  it  is  possible  that  a 
true  artificial  coal  might  be  prepared,  but  this  is  mere  supposition. 

From  one  point  of  view  the  experiments  with  sealed  tubes  appear 
to  be  irrelevant.  The  change  of  woody  fiber  to  peat  or  lignite  is 
initiated  at  low  temperatures  and  under  nearly  atmospheric  pressure 
conditions  quite  unlike  those  which  either  Violette  or  Stein  adopted. 
As  the  rotted  material  becomes  buried  the  pressure  upon  it  increases, 
but,  except  where  igneous  intrusions  have  operated,  there  is  nothing 
to  show  that  especially  high  temperatures  have  been  at  work.  The 
element  of  time,  however,  must  be  considered.  The  natural  processes 
are  carried  on  slowly;  and  it  may  be  that  the  laboratory  methods 
merely  accelerate  them.  So  far,  then,  the  experiments  are  pertinent 
but  inconclusive.  They  certainly  do  not  cover  all  the  ground.  All 
that  can  be  said  is  that  moderate  temperatures  and  pressures,  oper- 
ating for  a  long  time,  may  produce  results  resembling  those  which 
are  brought  about  rapidly  in  the  laboratory. 

^  Chem.  Ccntralbl.,  1901,  pt.  2,  p.  9j0.  From  a  Plungarian  original  which  I  Iiave  not  seen.  F.  Bergius 
(Jour.  Soc.  Chcm.  Ind.,  vol.  32,  1913,  p.  4G2)  heated  oelluloqe  with  water  under  pressuie  at  310*,  and  ob- 
tained a  product  undistinguishablo  from  coal. 
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In  order  to  account  for  what  we  might  call  the  anthragenetic 
process,  various  hypotheses  have  been  framed.  J.  F.  Hofmann,*  for 
example>  has  used  the  analogy  offered  by  the  spontaneous  combus- 
tion of  grain,  flax^  and  hay,  and  suggested  that  something  of  the 
same  sort  may  happen  in  the  buried  materials  from  which  coal  is 
formed.  In  that  phenomena  heat  is  generated  by  fermentation, 
and  when  actual  inflammation  is  prevented  by  lack  of  air  a  partial 
carbonization  may  occur.  In  cases  of  this  kind  heat  is  generated 
locally  and  an  imperfect  combustion  occurs.  Hofmann's  suggestions 
are  interesting,  but,  so  far  as  the  formation  of  coal  is  concerned,  the 
evidence  in  their  favor  is  very  incomplete. 

How  far  micro-organisms  are  active  in  the  formation  of  coal  is 
doubtful.  They  abound  in  the  stagnant  waters  of  swamps,  and 
certainly  have  much  to  do  with  the  earlier  stages  of  vegetable  decay. 
They  start  the  process,  but  at  the  same  tame  they  generate  antiseptic 
compounds  which  limit  their  activity.  Peat,  not  far  below  the  sur- 
face, is  distinctly  antiseptic  and  inimical  to  microbian  life.  Never- 
theless, a  nimiber  of  authorities  have  argued  strongly  in  favor  of 
these  organisms  as  principal  agents  in  anthragenesis.  B.  Renault ' 
has  found  their  remains  in  lignite  and  coal  in  significant  abundance 
and  variety. 

THE    CONSTITUTION    OF    COAIi. 

In  the  precedii^  pages,  under  other  captions,  I  have  cited  a  good 
deal  of  evidence  relative  to  the  substances  found  in  coal  or  from 
which  coal  has  be^i  derived.  Its  v^etable  origin  is  clear  and  needs 
no  further  discussion  now;  its  present  constitution  is  more  difficult 
to  determine. 

The  question  of  constitution  presents  itself  under  two  aspects,  the 
one  structural  the  oth^  chemical.  On  the  one  side  microscopic  evi- 
dence is  available,  and  it  is  seen  that  coal  contains  v^etable  remains, 
micro-organisms,  resinoid  bodies,  and  so  on.  In  some  coals  spores  or 
spore  cells  are  abundant;'  in  others,  as  shown  by  Renault,  remains  of 
ttlgjB  are  found.  The  lignites  are  obviously  derived  from  woody  fiber, 
and,  in  short,  in  many  cases  the  proximate  origin  of  the  coals  is  not 
difficult  to  determine.  Their  structure,  microscopic,  or  macroscopic, 
tells  a  pretty  clear  story. 

^  Zeitscbr.  angDW.  rbemte,  1902,  p.  821. 

»  Bui!.  Soc.  Ind.  iiiln.,  Sd  ser,,  voL  13»  1890^  p.  865;  vol.  14>  1«00,  p.  1.  S«  also  I..  Lemi^e,  idem,  4th  ser., 
voJ.  4,  IMS,  pp.  &51, 1248,  aad  vol.  6,  1908,  p.  273.  Also  in  Contpt.  rend.  VUI  Cong.  gM.  internal.,  190^ 
p.  502.    Lemi^  regards  the  salnbie  or  diastatic  lermenta,  derh-^d  Irom  living  vegaUtion,  as  also  operative 

in  the  process  of  vegetable  decay. 

»Sea  J.  W.  Dawson,  Am.  Jour.  8d.,  3d  ser.,  vol.  1,  1871,  p.  25G.  B.  Ortou  (idem,  voL  24. 1882,  p.  IH) 
states  that  spore  cases  are  abondant  in  the  "siib-Carboniieroas  "  ro<*s  ot  Ohio,  and  are  also  found  in  tba 
Devonian.  On  the  ralcrosajplc  structure  of  the  nataral  hydrocarbons,  resins,  and  coals,  see  Fischer  and 
Rust,  Zcitsdir.  Kryst.  Min.,  vol.  7,  1882,  p.  209.  The  important  memoirs  by  Bertrand  and  BcanUoBd 
by  Jeffrey  havo  already  b?on  reforrcd  to.  See  also  White  and  Thicsscn's  bulletin  on  the  orMH^i|| 
already  cited,  tor  a  full  summary  of  this  subject,  with  many  additional  details.  ^^^        \ 
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Oil  the  chemical  side  the  problems  are  much  less  simple.  The 
proximate  constituents  of  coal  are  most  imperfectly  known  and  the 
little  knowledge  wo  have  is  mainly  qualitative.  The  necessary 
investigations  are  difficult,  the  methods  are  not  well  formulated,  and 
the  avaihiblc  data  are  scattered  and  fragmentary.  To  what  extent 
free  carbon  exists  in  coals  is  still  an  open  question.  It  is  probably 
absent  from  lignite  and  abundant  in  the  extreme  anthracites;  but 
its  quantitative  determination  can  not  be  effected  by  any  known 
analytical  process. 

There  are  two  distinct  lines  of  attack  upon  the  problem  in  ques- 
tion. First,  by  means  of  solvents,  to  extract  certain  constituents  of 
coal  and  to  identify  them.  Some  of  these  constituents,  which  are 
commonly  smaD  in  amount,  can  be  dissolved  by  gasoline,  ether,  ben- 
zene, chloroform,  alcohol,  and  other  organic  solvents.  The  extrac- 
tive matter  thus  obtained  is,  unfortunately,  not  simple,  but  seems 
to  contain  a  mixture  of  substances  whose  nature  is  yet  to  be  deter- 
mined. By  handling  large  quantities  of  material  these  bodies  may  be 
obtained  in  sufficient  abundance  for  more  complete  investigation, 
and  their  separation  into  definite  fractions  is  by  no  means  hopeless.^ 
The  remarkable  solvent  action  of  pyridine  upon  some  of  the  con- 
stituents of  coal,  as  studied  in  recent  years  by  several  investigators,' 
also  offers  a  promising  line  of  attack  upon  the  problems. 

Alkaline  solvents,  such  as  caustic  soda,  caustic  potash,  and  ammo- 
nia, dissolve,  as  we  have  already  seen,  humic  substances  from  peat 
and  brown  coal,  but  not  from  the  older  carbons.  These  substances 
are  indefinite,  but  in  time  their  nature  may  be  determined,  and  their 
correlation  with  the  ligneous  carbohydrates  ought  then  to  become 
possible.  If,  however,  as  is  supposed,  some  coals  are  derived  from 
gelatinous  algfe,  the  problem  becomes  more  complex.  The  chemical 
constitution  of  those  forms  of  vegetation  is  still  very  obscure.  Up 
to  the  present  time  the  mistake  has  been  made,  by  chemists  engaged 
in  the  study  of  coal,  of  assmnii^  that  the  celluloses  are  the  chief 
starting  points — an  assumption  which  is  not  unqualifiedly  true.  Car- 
bons of  animal  origin  also  require  attention.  Much  preliminary  work 
of  this  kind  remains  to  be  done. 

»  On  this  subject  see  the  authorities  already  dteil.  Also  P.  Siepmann,  Pronss.  Zoitschr.  Berg-,  Hiitten-  u. 
SalinenwcscD,  vol.  39,  1891,  p.  27.  F.  Muck  (T>ie  Chemie  der  Stcinknhle,  Leipxig,  1801)  gives  a  good 
summary  of  earlier  investigations  by  Dondorfl,  Reinsch,  etc.  An  interesting  memoir  by  W.  C.  Anderson 
(Proc.  Philos.  Soc.  Glasgow,  vol.  29, 1897,  p.  72)  also  describes  a  number  of  important  experiments. 

I T.  Baker,  Trans.  Inst.  Min.  Eng.,  vol.  20, 1900,  p.  150;  and  P.  P.  Bedson,  Jour.  Soc.  Chem.  Ind.,  vol.  27, 
1906,  p.  147.  See  also  E.  Donath,  Chem.  Zeitong,  vol.  82, 1008,  p.  1271 ;  L.  Vlgnon,  Compt.  Rend.,  vol.  158, 
1914,  p.  1421 ;  A.  Wahl,  idem,  vol.  154,  p.  1095.  J.  C.  W.  Frazer  and  E.  G.  Hoffman  (Tech.  Paper  U.  S.  Bur. 
Mines  No.  5, 1912)  have  studied  the  extracts  obtained  from  coal  with  phenol.  A.  Pictet  and  L.  Ramseyer 
(Ber.  Deutsch.  Chem.  Gesell.,  vol.  44, 1911,  p.  2486),  by  extraction  with  hot  benzene  obtained  hexhydro- 
fluorene,  Cu  Hu.  In  a  later  paper  (Compt.  Rend.,  vol.  108, 1916,  p.  858),  Pictet,  Ramseyer,  and  O.  Kaiser 
report  the  extraction  of  other  hydrocarbons  up  to  C«H«.  By  solution  with  carbon  disulphide  E.  Donatb 
and  O.  Manouschek  (Chem.  Zcitung,  1908,  p.  1271)  extracted  anthracene  and  chrysene  from  a  German 
coking  cool. 
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The  direct  separation  of  its  constituents  from  coal  is,  however, 
possible  only  to  a  very  limited  extent.  Hence  the  second  line  of 
attack,  the  conversion  of  these  bodies  into  recognizable  derivatives, 
is  also  essential.  Not  only  do  we  need  more  experiments  along  the 
line  developed  by  Donath,  whose  distinction  between  the  lignites  and 
the  true  coals  has  already  been  discussed,  but  much  more  needs  to  be 
done  in  the  study  of  oxidation  products,  chlorine  derivatives,  etc. 
For  example,  in  addition  to  the  researches  upon  the  nitrocompounds 
derivable  from  coal  and  the  chlorination  experiments  reported  to  the 
British  Association,  there  are  investigations  like  that  conducted  by 
L.  Schinnerer  and  T.  Morawsky.*  These  chemists  fused  lignite  with 
caustic  soda,  and  by  distillation  of  the  melt  obtained  pyrocatechin, 
which  is  a  benzene  derivative.  The  true  coals,  so  far  as  examined, 
did  not  yield  this  compoimd,  which  seems  to  have  been  produced 
from  the  resinoid  constituents  of  the  lignite.  By  experiments  of  this 
order  the  compounds  existing  in  coal  can  be  correlated  with  other 
substances  of  known  constitution,  and  some  at  least  of  the  problems 
which  confront  us  may  be  solved.  The  future  chemistry  of  coal  will 
be  shaped  by  a  study  of  its  immediate  constitution  and  not  by  the 
multiplication  of  empirical  analyses.^ 

»  Bcr.  Deutsch.  chem.  GcscU.,  vol.  5, 1872,  p.  185. 

'  The  monograph  on  theconstltutionof  coal  by  M.  C.  Slopes  and  R.  V.  Whccler,  published  hy  the  Depart- 
ment of  Scicntiflc  and  Industrial  Research,  London,  1918,  is  an  important  summary  of  the  subject,  with  an 
excellent  bibliograply.  Other  recent  investigations  are  by  Arthur  H.  Clark  and  R.  V.  Wheeler,  Jour. 
Chcm.  See,  vol.  103, 1913,  p.  1704;  M.  J.  Burgess  and  Whecler,Idcm ,  vol.  97,  1910,  p.  1917,  vol.  99, 1911,  p. 
649,  vol.  IC),  191 1,  p.  131;  D.  T.  Jones  and  Wheeler,  idem,  vol.  105, 1914,  p.  2362;  vol.  107, 1915,  p.  1318;  an4 
vol.  109, 1910,  p.  707. 
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